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ABSTRACT. We present a review of precursor observing programs forive PlanetQuest Key Project

devoted to detecting Jupiter-mass planets around young stars. In order to ensure that the stars in the sample are
free of various sources of astrometric noise that might impede the detection of planets, we have initiated programs
to collect photometry, high-contrast images, interferometric data, and radial velocities for stars in both the northern
and southern hemispheres. We have completed a high-contrast imaging survey of target stars in Taurus and the
Pleiades and found no definitive common proper motion companions with{h4D AU) of the SM targets.

Our radial velocity surveys have shown that many of the target stars in Sco-Cen are fast rotators, and a few stars
in Taurus and the Pleiades may have substellar companions. Interferometric data of a few stars in Taurus show
no signs of stellar or substellar companions with separations of 5-50 mas. The photometric survey suggests that
approximately half of the stars initially selected for this program are variable to a degeee (11 mag) that

would degrade the astrometric accuracy achievable for that star. While the precursor programs are still a work
in progress, we provide a comprehensive list of all targets and rank them according to their viability as a result
of the observations taken to date. The observable that removes by far the most targets fidvhytbeng stellar

object (YSO) program is photometric variability.

1. INTRODUCTION stars often have radial velocity fluctuations or rotationally

) . o .
The majority of the over 200 planets found to date have beenProadened line widths ot least S00 m s* and brightness
detected using either radial velocity (RV) or transit studies in fluctuations of many percents, RV measurements accurate to

orbits ranging from less than 0.1 AU out to beyond 5 AU, with <100 m s* or transit observations cannot be used to detect
a wide range of eccentricities and with masses ranging from Planets around young stefsA few potentially planetary-mass
less than that of Uranus up to many times that of Jupiter (Butler °Pi€cts have been detected at 20-100 AU from young host
et al. 2006). However, the host stars of these planets are matur§t@'s €10 Myr) by direct coronagraphic imaging; e.g.,
main-sequence stars that were chosen based on their havin%MASSW"‘]120733’4‘393254 (Chauvin et al. 2005) and GQ
quiescent photospheres for the successful measurement of smahiUP (Neuhaiser et al. 2005). However, these companions are
Doppler velocities€10 m s*). Similarly, stellar photospheres Nl inferred to be of planetary mass by comparison to un-
must be quiescent at the millimagnitude level for transit de- C€rain evolutionary models that predict the brightness of
tections, since a Jupiter-mass planet transiting a solar-type starY°Und Jupiters” as a function of mass and age (Wuchterl &

reduces the photometric signal by about 1.4%. Since young Scharnuter 2003; Baraffe et al. 2003; Burrows et al. 1997).
Since dynamical determinations of mass are impossible for

objects on such distant orbits, it is difficult to be sure that these
* Michelson Science Center, California Institute of Technology, Pasadena, are planets and not brown dwarfs. Nor is it even clear that the

CA; angelle.tanner@jpl.nasa.gov. origin of these distant “young Jupiters” is due to same for-
? Division of Astronomy, University of California at Los Angeles, Los  mation processes that created planets found closer in. Multiple
Ansg/‘i'esv CA. e e Usbek Acad . Tashk fragmentation events (Boss 2001), rather than core accretion
Uzbelfitsrt(:e\nnomlca nstitute of the Uzbek Academy of Sciences, Tashkent, ;, 5 dense disk (Ida & Lin 2004), may be responsible for the
4 Astronomy Department, Wesleyan University, Middletown, CT. fqrmatlon of thesg dlstant_objects..As a re;ult of the .selectlon
$ California Institute of Technology, Pasadena, CA. biases of the radial velocity, transit, and direct-imaging tech-
¢ Department of Astronomy, University of Florida, Gainesville, FL.
’ Center for Astrophysics, Harvard University, Cambridge, MA.
8 Lowell Observatory, Flagstaff, AZ. 9 A number of groups are attempting RV observations in the near-IR, since
° Department of Physics and Astronomy, State University of New York at at these wavelengths it may be possible to improve on these limits and find
Stony Brook, Stony Brook, NY. a few “hot Jupiters” within 0.1 AU.
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nigues, we know little about the incidence of close-in planets TABLE 1
around young stars, leaving us with many questions about the SIM-YSO SAMPLE
formation and evolution of gas giant planets. Age Distance
Given the observational limitations and uncertainties that are Cluster (My)  (pc)  No. of Stars
inherent to radial velocity and direct-imaging surveys, mi- BPIC. 20 10-50 16
croarcsecond astrometry is a feasible and direct method for Chameleon.......... 1-10 140 8
estimating the masses of giant planets around stars in young nCha ................ 4-7 100 2
clusters that lie at distances closer than 140 pc (Beichman Horologium ......... 30 60 12
2001). Equation (1) gives the astrometric amplitgdia units gpﬁii?:tlu.s. ----------- 5; 11(?3 152
appropriate to the search for planets around young stars: Ploiades. 195 130 14
TW Hydra........... 10 60 15
v e B s e
pe T o Upper Sco........... 1-10 145 49
ScoCen ............. 1-25 130 81

where¢ is the astrometric amplitude iwas,D is the distance
to the star in parsecs, is the orbital semimajor axis of the
planet in AU, M, is the planet mass in Jupiter masses, andorbiting a 1M star, assuming a limiting accuracy of 100 m
M, is the star's mass in solar masses. Thus, a Jupiter orbitings™. For comparison, we plot the astrometric sensitivity curve
5.2 AU away from a 0.8, star at a distance of the youngest for our SM-YSO project, where we demand that the minimum
stellar associations (1-10 Myr), such as Taurus and Chamaesdetectable planet have an amplitude of at leasa® The curve
leon 140 pc away, would produce an astrometric amplitude of is plotted for a 1M, star located at the distance of Taurus
44 pas. At the 25-50 pc distance of the nearest young stars(140 pc). For planets with periods greater than the nominal
(10-50 Myr), such as members of tifePic and TW Hya mission duration of 5 years, we have degraded the sensitivity
moving groups, the same system would have an astrometricas shown schematically in the plot. Finally, we estimate how
amplitude in excess of 10fas. Moving a Jupiter intoa 1 AU  a coronagraph on a 30 m telescope or an interferometer with
orbit would reduce the signal by a factor of 5.2, or /s, for an 85 m baseline, both operating at &ré and reaching down
a star at 25 pc, and gas for one in Taurus. Table 1 lists the to the Jovian-mass range at orbital distances of 10 AU or
star formation regions and young moving groups being in- greater, would complement but not replg8&1 observations.
cluded in theSM-YSO survey, &8 M PlanetQuest Key Project In order to maximize the scientific yield of thEM key
aimed at detecting Jupiter-mass planets around young starsproject, a significant effort is required to gather information
Since SM will be able to detect astrometric signals with a about the target stars prior to the launch3M. A careful
single-measurement accuracy (SMA) ofids (10) in a fairly vetting of the target list is required in order to reject stars that
quick “narrow angle” (NA) observation, and 1As in a single might be problematic due to either the presence of starspots
“wide angle” (WA) observation, a search for gas giants falls that might induce large astrometric offsets, the presence of
well within SM’s capabilities for wide- and narrow-angle as- circumstellar emission from scattered light, or the presence of
trometry and forms the core of tH8#M-YSO program. With visible or spectroscopic companions.
SM'’s sensitivity, it is reasonable to study stars brighter than  To ensure that we observe astrometrically stable systems,
R~ 12 mag to a level such that the expected astrometric am-we have initiated a series of precursor observations to check
plitude of 8 uas for stars at 140 pc is detected withy Zon- for nearby infrared companions (8 3), radial velocity variations
fidence in each measurement. This astrometric accuracy is apeue to unseen companions (8 4), and photometric variability
propriate for detecting planets of unknown orbital parameters (§ 5). Table 2 summarizes the precursor programs currently
with a series of approximately 75-100 one-dimensional mea-being conducted, including the telescopes and the principal
surements (Sozzetti et al. 2003; Catanzarite et al. 2006). investigators. In subsequent sections, we summarize the dif-
Figure 1 shows orbital location (semimajor axis) and ferent programs and give detailed results from a number of
M sini for over 200 known planets orbiting nearby mature them. TheSM-YSO target list will continue to evolve as we
stars'* These planets were found using radial velocity mea- add new stars for their scientific interest and remove stars due
surements with noise levels as low as 1 m. $However, for to one failing or another. In the end, we intend to have a
the young stars considered here, the radial velocity measurecomplete sample in both stellar age and mass that will allow
ments will be limited, even in the near-infrared, to 100-500 m for a statistically significant study of planets around young stars.
s * (or greater), due to rapid rotation, veiling, and photospheric  This paper describes the present status oStheYSO sam-
variability. Thus, we plot a RV sensitivity curve for planets ple, the overall strategy for the precursor vetting program, and
detailed results of one specific program, the Palomar AO sur-

™ Planet information from the Extrasolar Planets Encyclopaedia at http:/ V€Y, aime_d at identifying companions to _tEEM'_YSO targets
exoplanet.eu (J. Schneider, 2007). in the Pleiades and Taurus. We summarize briefly the progress
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Fic. 1.—Plot of planet mass i, vs. semimajor axis of the sensitivities expected from3id-YSO survey ¢olid line), in addition to ground-based coronagraph
(labeled), interferometry kabeled), and radial velocity dashed line) surveys of young stars. Also plotted are the properties of the known radial velocity planets
(diamonds). All these sensitivity limits assume a distance of 140 pc.

being made on our photometric and radial velocity surveys of narrow-angle mode, which is capable of achieving SMAs of
both the northern and southern targets, and their implications4 pas. Somewhat older stars, such as those ingtlrictoris

for the SM-YSO target sample. and TW Hydrae associations, are only 25-50 pc away and can
be observed less expensively in a wide-angle mode capable of

2. THE SIM-YSO STELLAR SAMPLE OF YOUNG SMAs of <11 pas (Unwin 2005).
STARS We have set our sensitivity threshold to ensure the detection

In a survey o~200 young stars, we expect to find anywhere of Jupiter-mass planets in the critical orbital range of 1 to
from 10-20 to 200 planetary systems, depending on whetherd AU. These observations, when combined with the results of
the 5%-10% of stars with known radial velocity planets are the SM planetary searches of mature stars, will allow us to
representative of the younger planet population, or whether alltest theories of planetary formation and early solar system evo-
young stars have planets, only to lose them to inward migration. lution. By searching for planets around pre—main-sequence
The youngest stars in the sample (see Table 1) will be locatedstars carefully selected to span an age range from 1 to
in well-known star-forming regions and will be observed in 100 Myr, we will learn at what epoch and with what frequency

TABLE 2
PRECURSOR PROGRAMS
Program Telescope PI
AO imaging (north) .................... Pamar A. Tanner
AO imaging (south).................... VLT CDumas
Speckle imaging (north)............... Keck A. Ghez, Q. Konopacky
Interferometric visibilities (north)...... Keck R. Akeson
RV survey (north) ...................... McDonald L. Prato
RV survey (south).................ooe CTIOMagellan  S. Mohanty
Photometry (north)..................... Malanak K. Grankin
Photometry (south)..................... SMARTS M. Simon

2007 PASP119:747-767



750 TANNER ET AL.

giant planets are found at the water-ice “snow line,” where they in either imaging (Stauffer et al. 1998; Lowrance et al. 2005)

are expected to form (Pollack et al. 1996). This will provide or spectroscopic surveys (White & Ghez 2001; Mathieu et al.

insight into the physical mechanisms by which planets form 1997; Steffen et al. 2001).

and migrate from their place of birth, as well as their survival

rate. With these observations in hand, we will provide data, 3. HIGH-CONTRAST DIRECT IMAGING

for the first time, on such important questions as: What pro- . . :
. . . We begin by presenting the results of a companion survey

cesses affect the formation and dynamical evolution of planets’?]cor the SIM-YSO targets in our Taurus and Pleiades samples

When and where do planets form? What is the initial mass

distribution of planetary systems around young stars? How

. 5 X o )
might planets be destroyed? What is the origin of the eccen (M. Shao 2007, private communication) could cause a bias in

S e : -
tricity of planetary orblt_s. What is the origin of the apparent the position of the fringe used to make the astrometric mea-
dearth of companion objects between planets and brown dwarfs I, . :

. ) . . ._surements. In addition, a massive unknown stellar companion
seen in mature stars? How might the formation and migration

; i . will induce astrometric perturbations, complicating the astro-

of gas giant planets affect the formation of terrestrial planets? . . :
. . . metric solution for a planet around the primary star. To look
Our observational strategy is a compromise between the de-, ! .
: . .~ for common proper motion companions to H&-YSO stars,
sire to extend the planetary-mass function as low as possible

. . L L we have conducted an adaptive optics (AO) coronagraphic im-
and the essential need to build up sufficient statistics on plan-a ing survey around 31 stars in the Taurus (2 Myr, 140 pc:
etary occurrence. About half of the sample will be used to ging Y yh be,

address the “where” and “when” of planet formation. We will Kenyon et al. 1994) and Pleiades (120 Myr, 135 pc; Stautfer

study classical T Tauri stars (CTTSs) that have massive accre~ tal. 1998; Pan et al. 2004) clusters with the Palomar Adapiive

tion disks, as well as postaccretion, weak-lined T Tauri stars Optics (PALAO) system and its near-infrared Palomar High

(WTTSSs). Preliminary estimates suggest the sample Willconsist'A‘ngu.Iar Resolution Observer (PHARO) camera on the Hale
of ~30% CTTSs and~70% WTTSs, driven in part by the ZQO inch (5 m) telescope (Hayward et al. 2001). These _data
difficulty of making accurate astrometric measurements toward :’;'llz;tee\éezl(::ﬁeZﬁSS%n;igffé%lgarAaS d:;?j\l\??] dt\r’]\/:rlggg'g?rlﬁ:s
objects with strong variability or prominent disks. The extent ounaest stars in these s stemQ(M’ ), will be sensitive to

to which this distribution of CTTSs and WTTSs survives the %ot goun lanets with %asses inytHe range o220\
screening programs for photometric and dynamic stability is (Bu,rr)(/)ws gt F;I 1097 Baraffe et al. 2003) 9 J
addressed in § 6. The second half of the sample will be drawn In the proce.ss of éearching for imseen. companions around
from the closest young clusters with ages starting around

5 Myr to the 10 Myr point thought to mark the end of prominent Fhese .star.s, we are also a?dressmg planet forrr:atlon Issues. By
. . : investigating whether the “brown dwarf desert” observed for
disks, and ending around the 100 Myr age, at which theory : :
. eparations 0k5 AU around main-sequence stars (Marcy &
suggests that the properties of young planetary systems shoul . )
Lk utler 2000) also exists at larger separations for young stars,
become indistinguishable from those of mature stars. The prop-

) ; we can test whether brown dwarfs are formed at this separation
erties of the planetary systems found around stars in these later

age bins will be used to address the effects of dynamical evo—and subsequently-m|grate mward an.d are destroygd by falling
: . ; onto the star. In this case, we might find that T Tauri stars have
lution and planet destruction (Lin 2001).

We have adopted the following criteria in developing our a larger population of brown dwarfs than main-sequence stars

initial list of candidates: (1) stellar mass between 0.2 and at these separations.
2.0 Mg, (2) R<12 mag for reasonable integration times, i .
(3) distance less than 140 pc to ensure an astrometric signaP-1- Data Reduction and Analysis
greater than as, (4) no companions within’zand 100 AU The Palomar observations were obtained over three observ-
for instrumental and scientific considerations, respectively, ing runs (2003 October 23, 2003 December 4-6, and 2005
(5) no nebulosity to confuse the astrometric measurementsNovember 12—-14), with good (0)2to moderate (0'9 seeing
(6) variability AR < 0.1 mag, and (7) a spread of ages between throughout the nights. The PHARO-PALAO camera has a pixel
1 and 100 Myr to encompass the expected time period of planet-scale of 25 mas pixet and a field of view of 25 Each target
disk and early planet-planet interactions. With proper selection, was observed with the 0.9diameter occulting spot placed
the effect of various astrophysical disturbances can be kept toover the star, with integration times of 60 s each and multiple
less than the fewas needed to detect Jupiter-mass planets at(10-20) images collected per target. Sky images were also
~50-140 pc. taken adjacent to each set of target images by offsettirig 30
The initial IM-YSO sample (see Table 3) consists of stars from the target in the four cardinal directions. For flux cali-
in the well-known star-forming regions and close associations. bration, observations of the target stars were taken with the
Figure 2 shows histograms of the properties of the stars in thestar offset from the coronagraph in a five-point dither pattern
sample, including distanc&/ magnitude, and age. The stars to allow for adequate sky subtraction. To improve observing
included in the initial sample have been screened for binarity efficiency, those stars with similar magnitudes and colors were

(see Table 4). Companions within the "1fteld of view of the
S M interferometer that have magnitudes withik ~ 4 mag
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TABLE 3
SIM-YSO SAMPLE
Distance Age Star Mas$  Signal \% 2MASSK,
Name Cluster (pc) Spectral Type (Myr) My) (vas) T Tauri Class (mag) (mag)
Low-Variability Targets

Preibzinn 9964 ............. U Sco 145 M1 0.1 0.3 23.68 8.36
SLEM oo B Pic 29.8 FOV 20 15 2151 5.22 4.54
PreibZinn 9914 ............. U Sco 145 MO0.5 0.5 0.3 19.50 9.09
RECX10......ccvvvveinnnns n Cha 100 K6 7 0.6 17.48 WTT 12.53 8.73
PreibZinn 9928 ............. U Sco 145 MO 1 0.4 15.79 8.80
PreibZinn 9913 ............. U Sco 145 MO 1.2 0.4 15.07 8.88
PreibZinn 9919............. U Sco 145 K6 0.7 0.5 12,51 8.11
PreibZinn 9974 ............. U Sco 145 K4 0.5 0.6 10.36 8.46
PreibZinn 9936.............. U Sco 145 K7 2.7 0.7 10.20 9.12
PreibZinn 9967 ............. U Sco 145 K5 11 0.7 10.05 8.56
PreibZinn 9969.............. U Sco 145 K5 1.8 0.7 9.47 8.56
HIT489 ... Plades 130 F8 125 9.25 10.38 8.87
HIL1794 ...t Pleides 130 F8 125 9.25 10.20 8.89
HII2366 ........covvvvnnnnn Pleides 130 G2 125 9.25 11.53 9.55
TYC 8283-2795-1.......... Sco-Cen (UCL) 130 9.25 WTT 10.79 8.98
PreibZinn 9950.............. U Sco 145 K5 25 0.8 8.84 8.90
L1551-55....cceiiiiin Tau Aur 140 K7 2 8.59 13.22 9.31
PreibZinn 9939............. U Sco 145 K4 2.2 0.8 8.29 8.73
HIl1124 ... Pleides 130 K3V 125 1.0 7.79 12.12 9.86
PreibZinn 9958 ............. U Sco 145 K2 1.2 0.9 7.62 8.43
HIT1095 .....cvvviiiiinnn Pleides 130 KO Vv 125 1.0 7.40 11.92 9.67
HIT1309 .....cvvveiiinn Pleides 130 Fé6 VvV 125 1.0 7.40 9.58 8.28
HII1613 ... Pleides 130 F8 Vv 125 1.0 7.40 9.87 8.57
HIL1797 ... Pleides 130 Fo Vv 125 1.0 7.40 10.09 15.04
HII1856 .....c.evvveennnnn Pleides 130 F8 Vv 125 1.0 7.40 10.20 8.66
TYC 8654-1115-1.......... Sco-Cen (LCC) 130 24 1.0 7.40 WTT 10.21 8.13
TYC 8295-1530-1.......... Sco-Cen (UCL) 130 G5 21 1.0 7.40 WTT 10.98 8.90
PreibZinn 9945 ............. U Sco 145 K2 1.2 0.9 7.37 11.17 8.04
HD 141569.................. None 35 B9.5e 5 4.0 6.87 7.11 6.82
TYC 8667-283-1............ Sco-Cen (LCC) 130 G3/G5 V 23 11 6.72 WTT 9.31 7.62
TYC 7783-1908-1.......... Sco-Cen (LCC) 130 G8 IV: 18 11 6.72 WTT 9.82 7.51
TYC 8258-1878-1.......... Sco-Cen (LCC) 130 15 11 6.72 WTT 10.62 8.27
TYC 9244-814-1............ Sco-Cen (LCC) 130 G3/G5 Il 22 1.1 6.72 WTT 10.21 8.40
TYC 8270-2015-1.......... Sco-Cen (UCL) 130 17 11 6.72 WTT 10.91 8.69
TYC 7851-1-1 .............. Sco-Cen (UCL) 130 G9 17 1.1 6.72 WTT 10.63 8.36
TYC 7353-2640-1.......... Sco-Cen (UCL) 130 18 11 6.72 WTT 10.72 8.67
CHXR8 ..oviiiiiiieenn Cham 140 GO 100 11 6.24 WTT 11.45 9.73
HIT430 ... Plades 130 G8V 125 1.2 6.16 11.40 9.47
HIT1032 ... Pleides 130 A2 125 12 6.16 11.10 9.16
HIT1136 ... Pleides 130 G7V 125 1.2 6.16 12.02 12.14
HI1275 ... Pleides 130 KO V 125 1.2 6.16 11.47 9.53
TYC 8646-166-1............ Sco-Cen (LCC) 130 11 1.2 6.16 WTT 10.50 8.18
TYC 8636-2515-1.......... Sco-Cen (LCC) 130 11 12 6.16 WTT 10.58 8.12
TYC 8633-508-1............ Sco-Cen (LCC) 130 K2 W 16 1.2 6.16 WTT 9.41 7.65
TYC 9245-617-1............ Sco-Cen (LCC) 130 10 12 6.16 WTT 10.01 7.55
TYC 8652-1791-1.......... Sco-Cen (LCC) 130 F6/F7 16 1.2 6.16 WTT 10.35 8.48
TYC 8259-689-1............ Sco-Cen (LCC) 130 14 12 6.16 WTT 10.48 8.10
TYC 8248-539-1............ Sco-Cen (LCC) 130 G1/G2 26 1.2 6.16 WTT 10.10 8.54
HD 120411.................. Sco-Cen (UCL) 130 GlV 20 1.2 6.16 WTT? 9.79 8.16
V1009 Cen......ovvvevnnnnnn Sco-Cen (UCL) 130 G8/KO V 13 1.2 6.16 WTT? 10.18 7.95
TYC 7310-2431-1.......... Sco-Cen (UCL) 130 G5 16 12 6.16 WTT 10.36 8.28
TYC 8297-1613-1.......... Sco-Cen (UCL) 130 17 1.2 6.16 WTT 10.22 8.51
TYC 7822-158-1............ Sco-Cen (UCL) 130 K1 13 1.2 6.16 WTT 11.11 8.51
TYC 7848-1659-1.......... Sco-Cen (UCL) 130 G5 15 1.2 6.16 WTT 10.36 8.21
HD 140421.................. Sco-Cen (UCL) 130 GlvV 17 1.2 6.16 WTT? 9.46 7.87
TYC 8317-551-1............ Sco-Cen (UCL) 130 GO 13 1.2 6.16 WTT 10.29 8.27
TYC 7333-1260-1.......... Sco-Cen (UCL) 130 GlG2 VvV 18 12 6.16 WTT 9.58 8.07
PreibZinn 9922 ............. U Sco 145 GO 18 11 6.03 8.77
TYC 9231-1566-1.......... Sco-Cen (LCC) 130 G311V 12 13 5.69 WTT 9.23 7.18
TYC 8263-2453-1.......... Sco-Cen (UCL) 130 F8/GO V 14 1.3 5.69 WTT 9.69 7.94
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TABLE 3 (Continued)

Distance Age Star Mas$  Signal \% 2MASS K,
Name Cluster (pc) Spectral Type (Myr) Mg) (nas) T Tauri Class (mag) (mag)
TYC 7813-224-1............ Sco-Cen (UCL) 130 14 1.3 5.69 WTT 10.55 8.39
TYC 8683-242-1............ Sco-Cen (UCL) 130 8 1.3 5.69 WTT 10.80 8.30
TYC 7828-2913-1.......... Sco-Cen (UCL) 130 5 1.3 5.69 WTT 11.02 8.29
TYC 7310-503-1............ Sco-Cen (UCL) 130 K3 2 1.3 5.69 WTT 10.88 7.87
TYC 7845-1174-1.......... Sco-Cen (UCL) 130 K1 3 1.3 5.69 WTT 10.61 7.93
TYC 7349-2191-1.......... Sco-Cen (UCL) 130 1 1.3 5.69 WTT 11.09 8.29
PreibZinn 9975............. U Sco 145 G9 1 1.2 5.62 10.50 7.43
L I Pleides 130 G5V 125 1.4 5.28 10.48 8.95
HD 140374.................. Sco-Cen (UCL) 130 G8 Vv 8 1.4 5.28 WTT? 9.69 7.80
CHXR6 ... Cham 140 K2 1 1.3 5.28 CTT 11.22 7.31
PreibZinn 9979 ............. U Sco 145 G5 9 1.3 5.18 8.69
High-Variability Targets

PreibZinn 9980............. U Sco 145 M1 0.3 0.3 22.87 7.91
PreibZinn 9940............. U Sco 145 M2 0.4 0.3 22.10 8.61
PreibZinn 9970............. U Sco 145 M1 0.5 0.3 20.72 8.82
PreibZinn 9955............. U Sco 145 0.5 0.3 20.09 8.10
PreibZinn 9933............. U Sco 145 M1 0.8 0.4 18.95 8.84
RECX 4 ...ccooiiiiiei, n Cha 100 K7 4 0.5 18.49 WTT 12.79 8.62
PreibZinn 9921............. U Sco 145 M1 0.8 0.4 18.42 8.63
PreibZinn 993 ............... U Sco 145 M1 1 0.4 17.45 9.08
PreibZinn 996 ............... U Sco 145 MO 1 0.4 15.42 8.98
PreibZinn 9963............. U Sco 145 MO 1.8 0.5 14.74 8.44
DMTau ......coovvveeennnnn. T Aur 140 K5 Ve 2 0.5 14.61 CTT 13.78 9.52
PreibZinn 9959............. U Sco 145 MO 2 0.5 14.11 8.91
PreibZinn 9962............. U Sco 145 MO 2 0.5 14.11 8.92
CHXR29 ...l Cham 140 AOpshe 0.5 13.74 CTT 8.44 5.94
CHXR 18N ................ Cham 140 K1 0.5 13.74 WTT 12.05 1.77
CHXRG68A ................. Cham 140 0.5 13.74 WTT 13.37 8.87
TCha......coooviiiiii Cham 140 F5 0.5 13.74 CTT 11.86 6.95
PreibZinn 9911............. U Sco 145 K7 0.8 0.5 13.26 8.37
PreibZinn 9916.............. U Sco 145 MO 2.9 0.5 13.26 9.27
DNTaU ...oooevvvieeeeennn T Aur 140 K6 Ve 0.46 0.6 12.26 CTT 12.53 8.02
IPTau .....ooovviiiiiiinnn T Aur 140 MO: Ve 2 0.6 11.84 CTT 13.04 8.35
PreibZinn 9926 ............. U Sco 145 K7 1.8 0.6 11.05 8.92
DGTau ......oooevvviinnnn. T Aur 140 G Ve 2 0.7 10.57 CTT 6.99
PreibZinn 9961 ............. U Sco 145 K5 1.8 0.7 9.47 8.62
UY Aur ....oooiiiiiinnn. T Aur 140 G5 Ve 2 0.7 9.28 CTT 12.40 7.24
BPTau ... T Aur 140 K5 Ve 0.6 0.8 9.16 CTT 11.96 7.74
GKTaU .ooovvviiieeeiinnnnn T Aur 140 2 0.8 9.16 CTT 12.50 7.47
AATau .......coovvviinann. 7 Aur 140 MO Ve 2 0.8 9.04 CTT 12.82 8.05
HQTau .........ccevvvnnnt T Aur 140 0.69 0.8 9.04 CTT 7.14
IWTau ........ccovvviennn, 7 Aur 140 K7 V 2 0.8 9.04 WTT 12.51 8.28
DRTaU .....ooovieiiiiane T Aur 140 K4 Ve 2 0.8 9.04 CTT 13.60 6.87
V830 Tau......coovvevvnnnnn. 7 Aur 140 K7 2 0.8 8.92 WTT 12.21 8.42
[ I - T R T Aur 140 G Ve 2 0.8 8.92 CTT 13.55 7.96
L1551-51 ...ccciiiiiii 7 Aur 140 K7 2 8.59 12.06 8.85
ClTau ...oovvieeiiiiiaee T Aur 140 G Ve 2 8.59 12.99 7.79
V836 Tau.......oovvevvnnnn. T Aur 140 K7 V 2.1 0.8 8.59 WTT 13.13 8.60
PreibZinn 9918 ............. U Sco 145 K3 1 0.8 8.50 8.33
PreibZinn 9942 ............. U Sco 145 K5 2.9 0.8 8.50 8.37
PreibZinn 9984 ............. U Sco 145 K3 1 0.8 8.50 8.93
TYC 8648-446-1............ Sco-Cen (LCC) 130 19 0.9 8.22 WTT 11.18 8.79
PreibZinn 9968 ............. U Sco 145 K2 1 0.8 7.89 11.65 7.69
SR 4/V2058 Oph........... Ophiuchus 160 K5e 2 7.51 13.60 7.52
DoAr21 Oph ................ Ophiuchus 160 B2V 2 7.51 13.82 6.23
Haro 1-16 Oph .............. Ophiuchus 160 K3 2 7.51 12.59 7.61
V1121 Oph.........c.ooveet Ophiuchus 160 K5 2 7.51 11.25 6.96
Vo6 Cen........ooeennnn Sco-Cen (LCC) 130 K1: W 1.0 7.40 WTT? 9.76 8.08
TYC 7319-749-1............ Sco-Cen (UCL) 130 KO 20 1.0 7.40 WTT 10.59 8.34
GlTau ...oovvvieeiiiiieees 7 Aur 140 K5e 2 0.9 7.39 CTT 13.50 7.89
PreibZinn 991 ............... U Sco 145 K3 3 0.9 7.37 9.43
PreibZinn 9937 ............. U Sco 145 K4 4 0.9 7.37 . . 8.93
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TABLE 3 (Continued)

Distance Age Star Mas$  Signal Vv 2MASSK,
Name Cluster (pc) Spectral Type (Myr) Mg) (uas) T Tauri Class (mag) (mag)

PreibZinn 9976 ............. U Sco 145 K1 1.2 1.0 6.98 8.49
V1072 Tau/TAP 35......... 7 Aur 140 K1 2 1.0 6.87 10.30 8.30
TYC 8640-2515-1.......... Sco-Cen (LCC) 130 20 11 6.72 WTT 10.77 8.73
TYC 8242-1324-1.......... Sco-Cen (LCC) 130 GO 16 11 6.72 WTT 10.38 8.14
TYC 8238-1462-1.......... Sco-Cen (LCC) 130 KO 21 11 6.72 WTT 10.10 8.01
TYC 8655-149-1............ Sco-Cen (LCC) 130 19 11 6.72 WTT 10.31 8.37
TYC 8282-516-1............ Sco-Cen (UCL) 130 19 11 6.72 WTT 10.68 8.54
TYC 7833-2559-1.......... Sco-Cen (UCL) 130 G6/G8 1INV 21 1.1 6.72 WTT 10.61 8.45
TYC 8694-1685-1.......... Sco-Cen (UCL) 130 18 11 6.72 WTT 10.21 8.01
PreibZinn 9944 ............. U Sco 145 K2 3.7 1.0 6.63 8.51
PreibZinn 9973 ............. U Sco 145 KO 0.8 1.0 6.57 11.00 7.49
PreibZinn 9978 ............. U Sco 145 KO 0.3 1.0 6.50 10.80 7.46
PreibZinn 9929............. U Sco 145 K3e 3 11 6.32 13.40 8.52
PreibZinn 9954 ............. U Sco 145 M3 3 11 6.32 8.86
TYC 9246...71-1........... Sco-Cen (LCC) 130 G 7 1.2 6.16 CTT 10.54 7.29
TYC 9212-2011-1.......... Sco-Cen (LCC) 130 6 1.2 6.16 WTT 10.49 7.79
TYC 8644-340-1............ Sco-Cen (LCC) 130 13 1.2 6.16 WTT 10.29 7.97
TYC 8645-1339-1.......... Sco-Cen (LCC) 130 5 1.2 6.16 WTT 10.82 7.73
TYC 8249-52-1............. Sco-Cen (LCC) 130 KO/K1 13 1.2 6.16 WTT 10.48 8.13
HD 117524.................. Sco-Cen (LCC) 130 G5/G6 V 15 1.2 6.16 WTT? 9.84 7.83
TYC 7796-1788-1.......... Sco-Cen (UCL) 130 K5 13 1.2 6.16 WTT 10.17 7.88
TYC 7811-2909-1.......... Sco-Cen (UCL) 130 14 1.2 6.16 WTT 10.80 8.40
TYC 8283-264-1............ Sco-Cen (UCL) 130 18 1.2 6.16 WTT 10.09 7.90
TYC 7824-1291-1.......... Sco-Cen (UCL) 130 G8 IV: 15 1.2 6.16 WTT 9.80 7.81
TYC 8294-2230-1.......... Sco-Cen (UCL) 130 G7 17 1.2 6.16 WTT 10.79 8.71
TYC 7852-51-1............. Sco-Cen (UCL) 130 F7V 18 12 6.16 WTT 9.05 7.69
PreibZinn 9986 ............. U Sco 145 KO 1.8 11 6.14 7.76
PreibZinn 9983 ............. U Sco 145 KO 2 11 6.03 8.51
PreibZinn 9971 ............. U Sco 145 K1 25 11 5.92 11.65 8.09
TYC 8982-3213-1.......... Sco-Cen (LCC) 130 Gl/G2 V 13 1.3 5.69 WTT 9.49 7.60
HD 105070.........c.cuuunnn. Sco-Cen (LCC) 130 GlV 13 1.3 5.69 WTT? 8.89 7.31
TYC 8234-2856-1.......... Sco-Cen (LCC) 130 9 1.3 5.69 WTT 10.59 8.16
TYC 8633-28-1............. Sco-Cen (LCC) 130 G2 15 1.3 5.69 WTT 9.49 7.77
HD 108568.................. Sco-Cen (LCC) 130 Gl 14 1.3 5.69 WTT? 8.89 7.29
HD 113466.................. Sco-Cen (LCC) 130 G5V 14 1.3 5.69 WTT? 9.18 7.36
TYC 7815-2029-1.......... Sco-Cen (UCL) 130 KO/K% 14 1.3 5.69 WTT? 9.46 7.88
TYC 7833-2037-1.......... Sco-Cen (UCL) 130 K1 10 1.3 5.69 WTT 11.23 8.73
TYC 7840-1280-1.......... Sco-Cen (UCL) 130 G9 9 13 5.69 WTT 10.57 8.29
PreibZinn 9949............. U Sco 145 G7 8.5 12 5.53 8.46
LkCal1l9.......ocovvvvvennn. 7 Aur 140 KO Vv 2 1.3 5.49 WTT 10.85 8.15
PreibZinn 9925............. U Sco 145 G9 4 1.2 5.44 10.99 8.44
TYC 8644-802-1............ Sco-Cen (LCC) 130 6 14 5.28 WTT 10.21 7.66
HD 108611.................. Sco-Cen (LCC) 130 G5V 10 1.4 5.28 WTT? 9.04 7.12
TYC 7326...28-1........... Sco-Cen (UCL) 130 K1 7 14 5.28 WTT 10.54 8.12
HD 138995.................. Sco-Cen (UCL) 130 G5V 10 14 5.28 WTT? 9.39 7.52
TYC 7842-250-1............ Sco-Cen (UCL) 130 8 14 5.28 WTT 10.90 8.69
TYC 7333-719-1............ Sco-Cen (UCL) 130 G8 10 14 5.28 WTT 10.99 8.53
TYC 7853-227-1............ Sco-Cen (UCL) 130 8 14 5.28 WTT 11.05 8.65

Targets Yet to Be Measured

GJ803 ... B Pic 9.9 M1 Ve 20 0.4 242.81 8.81 4.53
HD 155555C................ B Pic 31.4 M4.5 20 0.2 153.11 12.71 7.63
HIP 23309................... B Pic 26.3 K7V 20 0.5 81.25 10.02 6.24
HIP 3556.................... Tuc 45 M1.5 20 0.3 71.23 11.91 7.62
GJ3305........cciiiinnn, B Pic 29.8 MO0.5 20 0.5 64.53 10.59 6.41
CD —64 1208............... B Pic 29.2 MO 20 0.6 54.88 9.54 6.10
GSC 8056-0482............ Hor 60 M3 Ve 30 0.3 53.42 12.11 7.50
TWABA ... TW Hya 60 M2 10 0.3 53.42 7.43
TWAL0 ..o TW Hya 60 M2.5 10 0.3 53.42 8.19
TWA1IB ...t TW Hya 60 M2.5 10 0.3 53.42 13.30 5.77
HIP 107345................. Tuc 45 M1 20 0.4 53.42 11.72 7.87
AOMen ...........ooeeee B Pic 38.5 K3: V: 20 0.6 41.63 9.95 6.81
TWAT7 TW Hya 60 M1 10 0.4 40.06 11.06 6.90
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TABLE 3 (Continued)

Distance Age Star Mas$  Signal \% 2MASS K,
Name Cluster (pc) Spectral Type (Myr) Mg) (nas) T Tauri Class (mag) (mag)

TWAI13 ... TW Hya 60 M1 Ve 10 0.4 40.06 11.50 7.49
HD 35850 ..........cccvnnn B Pic 26.8 F7 Vv 20 1.0 35.88 6.30 4.93
HIP1993.................... Tuc 45 K7 V 20 0.6 35.61 11.26 7.75
GSC 8499-0304............ Hor 60 MO Ve 30 0.5 32.05 12.09 8.72
TWA14 i TW Hya 60 MO 10 0.5 32.05 8.50
TWAI18 ..o TW Hya 60 MO0.5 10 0.5 32.05 8.85
HD 3221 ....ccooovvnn.. Tuc 45 K5V 20 0.8 26.71 9.56 6.53
GSC 8497-0995............ Hor 60 K6 Ve 30 0.6 26.71 10.97 7.78
TWAG ..oviiiiiiiiiiee TW Hya 60 K7 10 0.6 26.71 12.00 8.04
TWAL i TW Hya 60 K8 Ve 10 0.6 26.71 10.92 7.30
TWAI19B ......ocoonnnn... TW Hya 60 K7 10 0.6 26.71 8.28
V343 NOr .ovvvviieeee B Pic 39.8 KO V 20 1.0 24.16 8.14 5.85
HD 202746.................. Tuc 45 K2 Vp 20 0.9 23.74 8.97 6.40
TWA4 TW Hya 60 K5 10 0.7 22.89 8.89 5.59
TWAQA ... TW Hya 60 K5 10 0.7 22.89 11.13 7.85
TWAL7 oo TW Hya 60 K5 10 0.7 22.89 9.01
HD 1466 ...........c.ccun.... Tuc 45 F8/G0 V 20 1.0 21.37 7.46 6.15
HD 186602.................. Tuc 45 F7/F8 V 20 1.0 21.37 7.28 6.09
HD 207575.......cccceenn Tuc 45 F6 V 20 1.0 21.37 7.22 6.03
PPM 366328................ Tuc 45 KO 20 1.0 21.37 9.67 7.61
GSC 8047-0232............ Hor 60 K3V 30 0.8 20.03 10.87 8.41
CD—-53386 ........counnuu Hor 60 K3 Ve 30 0.8 20.03 11.02 8.59
GSC 8862-0019............ Hor 60 K4 Ve 30 0.8 20.03 11.67 8.91
BPIiC ... B Pic 19.3 A5V 20 2.5 19.93 3.85 3.53
PZTel oo, B Pic 49.7 KO Vp 20 1.0 19.35 8.43 6.37
HD 208233.................. Tuc 45 G8V 20 1.2 17.81 8.90 6.75
CCPhe ...covviiiiiiia . Hor 60 K1V 30 0.9 17.81 9.35 6.83
CD—-65149 ................ Hor 60 K2 Ve 30 0.9 17.81 10.19 8.01
HD 172555.................. B Pic 29.2 A5 V-V 20 2.0 16.46 4.78 4.30
HD 987 .....oovviieeee Tuc 45 G6 V 20 1.3 16.44 8.76 6.96
HRO ..., B Pic 39.1 F2 Iv 20 15 16.39 6.19 5.24
CPD-64120 .............. Hor 60 K1 Ve 30 1.0 16.03 10.29 8.01
HD 202917.................. Tuc 45 G5V 20 1.4 15.26 8.65 6.91
HD 195627.................. Tuc 45 F1 11 20 15 14.25 4.75 4.04
HD 195961.................. Tuc 45 Fm 20 1.5 14.25 4.86 3.90
HD 164249.................. B Pic 46.9 F5V 20 15 13.67 7.01 5.91
HD 207129.................. Tuc 45 GOV 20 1.6 13.35 5.57 4.24
IQTaU voovvvviiie e T Aur 140 M2 2 0.5 13.21 CTT 14.50 7.78
HD 181327.........ccc...... B Pic 50.6 F5/F6 V 20 1.5 12.67 7.04 5.91
HD 178085.................. Tuc 45 GOV 20 1.7 12.57 8.31 6.88
RX J012320.9-572853..... HOR 60 G6 VvV 30 1.3 12.33 8.53 6.85
DQTau ......oovevvvinnnn, T Aur 140 MO Ve 2 0.6 12.05 CTT 13.66 7.98
RX J020718.6-531155..... HOR 60 G5V 30 14 11.45 8.64 6.89
TWA19A .......oooviei TW Hya 60 G3/G5 Vp 10 1.4 11.45 9.07 7.51
RX J020436.7-545320..... HOR 60 F2 Vv 30 15 10.68 6.45 5.45
HD 200798.................. Tuc 45 A5/A6 IVIV 20 2.0 10.68 6.69 6.07
GMTau ......oovvvvvnnnnnn. 7 Aur 140 M6.5 2 8.59 10.63
10 45251+3016 ............. T Aur 140 K5 2 8.59 11.60 8.13
Haro 6-37 ...........cooeeet T Aur 140 K6 2 0.8 8.48 CTT 13.42 7.31
VXRO3 ... 12391 155 53 7.75 10.95 14.86
L36 oo 12391 155 FeVv 53 7.75 9.83 8.63
VXR3L ..o 12391 155 53 7.75 11.22 9.69
H21 oo 12391 155 53 7.75 11.69 9.54
SHIM3 ... 12391 155 K3e 53 0.8 7.75 12.63 9.69
L33 12391 155 F5V 53 7.75 9.59 8.36
H35 oo 12391 155 F9 53 7.75 10.34 8.99
CHXR3 ...t Cham 140 K3 0.5 0.9 7.63 WTT 12.26 7.36
CHXR 10 ........covnnnn.t Cham 140 MO 2 0.9 7.63 CTT 11.69 8.20
ROX 3/V2245 Oph......... Ophiuchus 160 M1 2 7.51 13.12 8.78
HR 6070 .........ccvvnnn.t B Pic 43 A0V 20 3.0 7.45 4.80 4.74
PreibZinn 9985.............. U Sco 145 K2 2 0.9 7.13 8.18
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TABLE 3 (Continued)

Distance Age Star Mas$  Signal Vv 2MASSK,
Name Cluster (pc) Spectral Type (Myr) Mg) (uas) T Tauri Class (mag) (mag)

HR 136 ...cvvvvviiiiiinnn Tuc 45 A0 V 20 3.0 7.12 5.07 4.99
HR 9062 .................... Tuc 45 Al YV 20 3.0 7.12 5.00 4.82
SHIM6 ... 12391 155 KO 53 1.0 6.20 11.86 9.79
VXR62 ..o 12391 155 53 1.0 6.20 11.73 15.03
VXR 67 oo 12391 155 53 1.0 6.20 11.71 13.61
VXR16 ..ovvviviiiiinnnnn. 12391 155 53 11 5.64 11.84 14.58
VXRT72 i 12391 155 G9 53 11 5.64 11.46 9.59
HR 126 .....ccovvvviiinnnnn. Tuc 45 B9V 20 4.0 5.34 4.36 4.48
TWA 11A . TW Hya 60 A0 V 10 3.0 5.34 5.78 5.77

* The masses presented here are either taken from the literature or are estimated using the isochrones of D’Antona & Mazzitelli (1994).
® Preibisch & Zinnecker (1999).
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Fic. 2.—Histograms of the properties of t8EM-YSO sample. The slashed and black bars show those targets potentially eliminated and remaining, respectively,
after cuts from photometry or nearby companions. The white bars represent those targets yet to be observed in the precursor surveys.
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TABLE 4
PALOMAR TARGET SAMPLE
\% 2MASSK, Spectral Age  Distance

Target (mag) (mag) Type  (Myr)  (pc)
HIl 1032 ........ 11.1 9.16+ 0.02 G8 125 130
HIl 1095 ........ 11.92 9.67+ 0.02 KO 125 130
HIl 1124 ........ 12.12 9.86+ 0.02 K1 125 130
HIl 1136 ........ 12.02 12.14+ 0.02 G8 125 130 »
HIl 1275 ........ 11.47 9.53+ 0.02 G8 125 130 -g
HII 1309 ........ 9.58 8.28+ 0.02 F6 125 130 8
HIl 1514 ........ 10.48 8.95+ 0.02 G5 125 130 @
HIl 1613 ........ 9.87 857+ 0.02 F8 125 130 g
HII 1794 ........ 10.2 8.89+ 0.02 F8 125 130 <
HIl 1797 ........ 10.09 15.04- 0.11 F9 125 130
HIl 1856 ........ 10.2 8.66+ 0.02 F8 125 130
HIl 2366 ........ 11.53 9.55+ 0.02 G2 125 130
HIl 430 ......... 11.4 947 0.02 G8 125 130
HIl 489 ......... 10.38 8.8% 0.02 F8 125 130
AATau ......... 12.82 8.05+ 0.02 K7 2 140
BP Tau .......... 11.96 7.74 0.02 K7 2 140
DLTau.......... 13.55 7.96- 0.02 G 2 140
DM Tau ......... 13.78 9.52- 0.02 K5 2 140
DNTau ......... 12.53 8.0 0.02 MO 2 140 2 1 0 1 2
DQ Tau ......... 13.66 7.9& 0.02 MO 2 140 Arcseconds
DR Tau ......... 13.6 6.8 0.02 K5 2 140
GKTau ......... 125 7.4% 0.02 K7 2 140
IPTau ........... 13.04  83% 0.02 MO 2 140 Fic. 3.—Stretched gray-scale image of LkCa 19 highlighting the Poisson
IQTau .......... 14.5 7.78 0.02 MO0.5 2 140 spot and waffle pattern inherent in the Palomar-#@ronagraph PSF. North
IWTau .......... 12.51 8.28 0.03 K7 2 140 is up and east is to the left.
LkCa 19 ........ 10.85 8.15+ 0.02 KO 2 140
V1072 Tau...... 10.3 8.30+ 0.02 K1 2 140
V830 Tau ....... 12.21 8.42+ 0.02 K7 2 140
V836 Tau ....... 13.13 8.60+ 0.02 K7 2 140

paired together to act as each other’s point-spread function
(PSF). Two sets of known binary stars with high-quality orbital
solutions (WDC 090084148 and WDC 230520742) were

also observed to provide an accurate determination of the plate
scale and image orientation. During these observations, each 3
binary was placed in multiple positions over the field of view
of the camera.

All the images were sky-subtracted, flat-fielded, and cor-
rected for bad pixels. We used a number of methods for image
registration prior to PSF subtraction. The best method involved
using the centroid of either the waffle pattern or the “Poisson”
spot (Metchev 2006). Using these methods, we were able to
achieve a registration accuracy of 2.3 and 0.7 pixels, respec-
tively, which is comparable to the accuracy achieved in a sim-
ilar survey using the same instrument (Metchev & Hillenbrand
2004). After registration, the median of each image stack was
calculated to produce the final image (see Fig. 3). The images
of those target stars with similar magnitudes and colors are Arcseconds
paired and subtracted to produce a difference image intended
to reduce the residual flux withir’ bf the coronagraphic spot. , ,

Prior to subtraction, each pair of images was scaled to have FIG. 4._—Gray-scale d_lffer”ence image ofGKTgu and V830 Tau. The apparent

o companion to GK Tau is 2'4away but is most likely a background star, due
the same peak flux within the coronagraph halo to ensure ay its biue colors and non—common proper motion. North is up and east is to
minimal residual flux after subtraction. Figure 4 shows the the left.

Arcsecon

-2 -1 0 1 2
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difference image of GK Tau and V830 Tau, with a bright com- TABLE 5
panion candidate next to GK Tau. VISUAL COMPANIONS TO PLEIADES AND TAURUS
A thorough visual inspection of both the median-averaged TARGETS
coronagraphic images and the difference images was performed Separation  P.A. K,
to identify all potential companions. All visual companions Target (arcsec)  (deg) (mag)
identified in these images are listed in Table 5, along with their HIl 1032 ... ... 127 450 16.0
distance from the center of the coronagraph, the position angle, HII 1309 ....... 11.2 -27.2 15.0
and theK, magnitude. The coronagraphic images have been HIN1309 ....... 12.1 108.8 152
flux-calibrated using the images taken with the primary star HIl 1797 ....... 6.6 —88 157
offset from the coronagraph while accounting for a difference HIL 489 ... 13.4 1444 171
o Lo ) o AATau ........ 5.9 98.6 152
in integration time and the well-defined neutral-density filter BP Tau ........ 31  -836 14.0
used for the off-spot images (Metchev & Hillenbrand 2004). BPTau ......... 5.6 8.0 150
The magnitudes for both the primary stars in the off-spot im- DLTau ........ 12.8 227 134
ages and the companions in the coronagraphic images are es- DLTau ........ 8.5 618 145
timated from aperture photometry with an aperture of artd DL Tau ... 16.7 1348 148
) DLTau ........ 11.9 15.0 154
a sky annulus of 1'+1.4. The K,-band magnitudes of the DOTau ........ 73 1496 153
primaries were taken from the Two Micron All Sky Survey GlTau ......... 8.3 17 146
(2MASS; Cutri et al. 2003). Since many of the target stars are GKTau ........ 24 621 121
variable in the optical, the near-infrared photometric calibration IPTau ......... 37 1243 151
may be uncertain, although these stars are typically 2—3 times :8 123 e 12'.3 _122:2 ig:g
less variable in the infrared than in the visible (Eiroa et al. QTau ......... 107 -359 134
2002). IQTau ......... 10.2 -339 136
LkCa 19 ....... 4.3 -774  16.2
LkCa 19 ....... 11.8 -36.2 139
3.2. Results V830 Tau...... 7.1 -523 170
, V830 Tau...... 11.2 58.3 158
In Taurus and the Pleiades, 10 out of 16 of the targets (63%) V830 Tau ...... 11.8 1003 175
and 5 out of 14 (36%), respectively, have visual companions V830 Tau...... 7.8 1461 177

within the 28 (~1750 AU) field of view. Almost all of the
companions lie=2" away from the target, corresponding to a trast of AK, = 4-7 mag at 2 and AK, ~ 8-10 at 8. The
distance greater than 300 AU. To estimate the sensitivities ofrange of image contrasts is due primarily to variations in seeing
our images as a function of distance from the star, we employ conditions throughout the night, since all the targets had similar
“PSF planting,” in which a PSF corresponding to an object of magnitudes and integration times.

known brightness is inserted into the image to determine Calibration binaries were used to estimate the plate scale of
whether it is detectable. A PSF extracted from the off-spot the PHARO camera. For the 2004 October data, we adopt a
image of each target is sky-subtracted, normalized, multiplied plate scale of 25.11 0.04 mas pixel', estimated from three

by an array of contrast valuea, = 7.7-15.1 mag), and different binary stars (WDS 090664147, WDS 18055 0230,
placed at a range (05") of distances from the target at random and WDS 2046+ 1607) that were observed very close to our
position angles. We completed 10,000 iterations of the PSF-observations, using the same instrument (2004 October 4-5;
planting algorithm to fill out the parameter space of contrast Metchev 2006). For the 2005 data, we estimate a plate scale
and distance from the primary star. To determine whether theof 25.21+ 0.36 mas pixel’. This plate scale and its uncertainty
planted star is detected, the image is cross-correlated with acomes from the average and standard deviation of the sepa-
flux-normalized PSF. The correlation values are binned ac- ration of one binary (WDS 090064147) placed in multiple
cording to the distance of the PSF from the star, in incrementspositions across the field of view after correction for the known
of 0.1". For each distance bin, we estimate the minimum PSF distortion in the camera.

intensities that resulted in a correlation value of 0.9 or higher. To estimate the position of the occulted target star in these
The intensities are converted into magnitudes using the fluximages, we use the waffle pattern inherent to every PSF (see
calibration from the off-spot image and the 2MABS  mag- Fig. 3). Each waffle pattern consists of four points in a box
nitude of the star. Figure 5 plots the largd&t magnitude pattern around the star. The center of the coronagraphic PSF
difference between the target star and planted PSF with a coris determined from the intersection of the two diagonal lines
relation of 0.9 as a function of distance from the star for all fitted to the centroid positions of the four peaks in the waffle
targets with calibration data. Table 6 lists the values of the pattern. Using this method, we are able to determine the po-
faintest detectablg, magnitudes at’0B, 2’, 5’, and 9. On sition of the star to within 0.35 pixels, estimated from the
average, we were able to detect sources with a magnitude constandard deviation of the stellar position in a stack of subframes.
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TABLE 6
PALOMAR IMAGING SENSITIVITIES (K MAGNITUDE)
Tml
Target (s) 0.8 1" 2 5" 9’

HIl 1032 ....... 1200 12.84 1355 1591 18.01 18.17

HIl 1136 ....... 1200 14.26 1499 16.74 17.86 17.65

HII 1797 ....... 1200 12.17 12.04 1453 17.19 17.28

HIl 1794 ....... 1200 12.18 1253 14.70 17.78 17.87

HIl 489 ........ 1200 14.68 1393 16.20 17.57 17.76

Ex AATau ........ 1200 13.31 11.44 1520 17.16 17.36
5 BP Tau ......... 1200 11.08 11.65 1426 1741 17.57
ge] ClTau ......... 1200 12.02 12.10 13.68 17.67 17.67
DL Tau ........ 1200 1251 13.17 1524 17.22 17.20

DN Tau ........ 900 1280 1091 14.13 17.13 17.18

DQ Tau ........ 1200 12.84 1324 15.01 17.49 17.39

GKTau ........ 1200 1158 1122 1290 16.94 17.15

GlTau ......... 1200 12.00 1225 14.16 17.26 17.34

IPTau ......... 1200 1386 13.00 15.78 17.04 17.11

IQTau ......... 1200 12.27 13.18 1493 16.82 16.93

LkCa 19 ....... 900 1246 1255 1493 17.97 18.22

19 I V830 Tau...... 1200 1359 1485 17.09 20.15 20.36

T R R R

2 4 6 8 10 changes in the offsets expected if the companion were a sta-
Radius [arcsec] tionary background object. The dotted lines represent the errors
in the published proper motions (Frink et al. 1997). If the
companions are associated with the target stars, the offsets will
coincide with one another at all epochs, since the objects will
share the same space motions. Table 7 lists the reduted
The positions of the companion candidates are estimated fromvalues estimated from the positional data and uncertainties. Two
their centroids and have errors of 0.5-1 pixel, depending on hypotheses are tested: common proper motion and non—com-
the brightness of the companion, seeing conditions, and tele-mon proper motion. In the first scenario, the  is derived from
scope drift. The pixel positions for all primaries and their com- the assumption that all the data points should lie on top of the
panions are corrected for the distortion determined for the first epoch (1999) data point. For the second scenarioythe
PHARO camera (Metchev 2006). The errors in the stellar po- is derived from the assumption that the data points should lie
sition and PHARO pixel scale are propagated into the error of on the vector produced by the change in the offset between
the offsets of the companion candidates from their primaries. the science target and stationary background star. The uncer-
Figure 6 plots the offset in R.A. and decl. of companion tainties for this case include both the positional uncertainties
candidates to BP Tau, IP Tau, GK Tau, and LkCa 19. Theseand the uncertainty in the proper motion of the T Tauri star
four sources all have objects within at least"4(675 AU). (Frink et al. 1997). An unmodeled source of uncertainty that
While the probability of these companion candidates being may inflate they? values in the second scenario is the unknown
background sources goes up with their separation from theproper motion of the companions. Based on this analysis, we
target star, the discovery of a number of brown dwarf com- conclude that there is evidence for common proper motion for
panions at wide separations200 AU) makes these companion the companion to GK Tau, evidence for non—common proper
candidates worth investigating further. The crosses denote themotion for the companion to BP Tau, and ambiguous evidence
positional offsets at the observing epochs of the Palomar datafor either scenario for IP Tau and LkCa 19. These last two
(2004, 2005), in addition to data taken frorubble Space sources would benefit from more accurate positional data and
Telescope (HST) WFPC2 and NICMOS data when available. a longer time baseline. If the GK Tau companion is truly a
The HST data were collected in 1999 as part of a program to physical companion, then based onktsmagnitude, it would
detect faint debris disks (Krist et al. 2000) and therefore provide be roughly a M2-3 star with a mass 0.5 M.
a long time baseline for the determination of common proper We have begun a similar high-contrast imaging survey of
motion. In most cases, the target star in the WFPC2 data isthe SM-YSO targets in the Upper Sco subgroup of the Sco-
saturated, and the position of the star is estimated from theCen association (1-2 Myr, 145 pc), using the NAOS-CONICA
intersection of the diffraction spikes. The size of the crosses (NACO) camera on the VLT. The NACO camera has been used
denotes the ¥ positional uncertainties (& ~ 12 mas for the  to discover a number of low-mass companions, including
Palomar data, and & ~ 3 mas for the WFPC2 data; J. Krist 2MASSW J1207334 393254 and GQ Lupi (Neulhger et al.
2006, private communication). The curvy solid lines depict the 2005; Chauvin et al. 2005). It has a pixel scale of 27 mas

Fic. 5.—Plot of the contrast imK; magnitude detectable in the PHARO
images as a function of separation from the target.
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Fic. 6.—Plot of the offset in R.A. and decl. between BP Tau, GK Tau, IP Tau, and LkCa 19 and their companion candidates. The WFPC2 data point taken in
1999 January is used as the initial data point. Each measured offset is noted with a cross and an epoch label. The curvy solid line shows the expetted moti
the star, assuming measured proper motions from Frink et al. (1997). The expected offset of the companion if it were a steady background obgdrnis label
the proper motion curve, with epoch values (2004, 2005). Table 6 lists the regiticed  values associated with fits to the data points, which assuméthe compa
candidates has common and non—-common proper motion with their primary stars.
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TABLE 7 targets with similar sensitivities to allow for a direct comparison
REDUCED X* VALUES FROM COMMON AND NON—COMMON of detection statistics.
PropER MoTION Fits Stellar multiplicity surveys of star formation regions such
Target ReducedZ,mmonrn  REAUCEA 0n common pm as Taurus and the Pleiades have revealed binary companion
BP Tau ... 26 o5 fractions of 60% (over 20-500 AU) and 30% (over 1-900 AU),
GKTau ... 14 41 respectively (Ghez et al. 1993; Bouvier et al. 1997). However,
IPTau ........ 4.2 4.4 we used these and other surveys mentioned previously (see
LkCal9...... 43 6.3 § 2) to remove stars with stellar companions withinir2 de-

fining our initial sample. Thus, it is not surprising that our
pixel™* and a field of view (FOV) of 28 with the potential of survey did not add to the statistics for stellar multiplicity in
achievingAK; sensitivities of 10 at’{Chauvin et al. 2004).  these clusters.

So far, we have collected data on 20 targets, with a number of

them having companion candidates withih We will collect 3.4. Speckle Imaging and Additional AO Imaging of the
second-epoch observations for these sources at a later date. Taurus Sample

. To complement the adaptive optics survey at Palomar, a

3.3. Comparison to Other Surveys number of the targets in the sample have been observed using

There have been a few other ground AO and space-basedigh-resolution imaging techniques at the Keck Observatory.
surveys for low-mass companions to young stars (1-200 Myr) The purpose of this project was to look for companions at
that have found a few brown dwarfs with separations betweenseparations too close to be resolved at Palomar, and too wide
75 and 1000 AU. These surveys had sample sizes ranging fronto be detected via spectroscopic techniques. A summary of the
30 to 100 targets, with two surveys finding two to three brown results of this portion of the project is given in Table 8.
dwarfs when targeting stars in nearby associations (Metchev In total, 17 objects in Taurus, TW Hydrae, or AB Doradus
2006; Lowrance et al. 2005), and one survey finding no brown were surveyed at Keck. Three of these were imaged using
dwarfs when targeting X-ray—selected T Tauri stars in the Cha- speckle interferometry at the band (2.2um) on Keck I, and
maeleon and Sco-Cen OB associations (Brandner et al. 2000)14 were observed using adaptive optics andkhg2.3 um)
Metchev (2006) has estimated a completeness-corrected perer L’ band (3.5u.m) on Keck Il. The dates of these observations
centage of brown dwarfs af7f% + 3% (1o confidence) around  are given in Table 8, along with the total exposure time on
F5-K5 stars with an age and separation range of 3—500 Myreach target. For details on the data reduction and analysis of
and 30-1600 AU, respectively. Therefore, our finding of no both the speckle and the AO data taken at Keck, please see
very low-mass objects in a survey of 30 stars is consistent with Konopacky et al. (2007).
previous programs, given the stated uncertainties. Whether For all 17 sources, no companions were found to within
there is a significant dearth of brown dwarfs or planetary-mass0.05'. For each source, we estimated our sensitivity to com-
objects around young stars still requires a larger sample ofpanions by finding the limiting detectable flux ratio with respect

TABLE 8
KECK IMAGING SENSITIVITIES
ToraL Exp.
METHOD INT. TIME & Mass Livit (M)
OBJECT DATE oF OBs.  (Sp. or AO) (s) 0.05 01" 2>05 0.08' BAND
TWA23 ...l 2005 May 27 Sp. 78.1 2.9 3.7 6.9 0.10 K
TYC 7660-0283...... 2005 May 27 Sp. 78.1 3.9 4.1 6.5 0.08 K
GMTau .............. 1997 Oct 12 Sp. 156.2 3.9 3.9 6.5 =<0.02 K
Anonl ............... 2005 Dec 12 AO 120 3.8 4.4 6.2 0.06 K
BP Tau ................ 2005 Dec 12 AO 120 55 4.3 6.2 0.03 K
DG Tau ............... 2005 Dec 12 AO 120 5.8 3.5 5.9 0.02 K
HD 283572........... 2005 Dec 12 AO 54.3 4.6 4.8 6.3 0.03 K
IPTau ................ 2005 Dec 12 AO 120 3.7 4.5 5.3 0.06 K
IQTau ......covvvennn 2005 Dec 12 AO 120 5.0 4.7 5.9 0.03 K
V1072 Tau............ 2005 Dec 12 AO 120 5.1 55 6.5 0.03 K
DNTau ............... 2005 Dec 12 AO 120 4.7 5.1 6.2 0.03 K
V830 Tau............. 2005 Dec 12 AO 60 2.9 3.9 5.8 0.15 K
DRTau ............... 2005 Dec 12 AO 54.3 34 3.9 6.6 0.14 K
HIP 113579 .......... 2005 Jul 16 AO 3.0 3.7 35 5.7 0.24 L
HIP 113597 .......... 2005 Jul 16 AO 6.0 3.0 5.1 5.7 0.12 L
HIP 114066 .......... 2005 Jul 16 AO 6.0 2.9 3.0 5.3 0.09 L
HIP 115162 .......... 2005 Jul 16 AO 6.0 3.0 4.9 5.2 0.39 L
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TABLE 9
KECK INTERFEROMETRY RESULTS
Target K Mag. No.ofInts. Avg.V? Avg. o Calibrators

DN Tau .......... 8.0 1 1.02 0.09 HPB83444, HD 283886

V830 Tad ....... 8.4 1 0.85 0.10 H283668, HD 282230, HD 29334
V830 Tad ....... 8.4 1 0.89 0.07 H283668, HD 282230, HD 29334
V830 Tau........ 8.4 1 1.08 0.13 H283444, HD 283886

V1171 Tau....... 9.2 2 0.98 0.05 H24132, HD 23289, HD 284316
V1072 Tau....... 8.3 1 1.13 0.10 HIR9757, HD 285816

V1075 Tau....... 8.9 1 1.08 0.10 HIR9757, HD 285816

HD 282973...... 8.6 2 0.97 0.06 H24132, HD 23289, HD 284316
HD 282971...... 8.7 2 0.99 0.06 H24132, HD 23289, HD 284316
HD 23584 ....... 8.3 2 0.98 0.06 HR24132, HD 23289, HD 284316

# Observation from 2003 October 16.
® Observation from 2004 January 7.

to the source as a function of radius, and then using the modelgainty varies, due to the number of integrations and the difficulty
of Baraffe et al. (1998 = 1.0) to convert these flux ratio in observing sources with faint& magnitudes.
limits into mass limits for the closest radius bin of '0.5n All targets observed in this sample, except V830 Tau, are
general, the speckle measurements probe regions closer thannresolved; i.e., they are consistent with a point source at this
0.08 with much greater sensitivity than AO, but given the resolution. At the distance to Taurus or the Pleiades, the central
combination of the two techniques for this survey, we cut off star will be unresolved<0.1 mas). Using the best uncertainties
our official completeness at 0.5We plan to observe the re- of 0.06, we can place limits on the size of the emission, of
maining targets visible from the Northern Hemisphere with 1.3 mas (1.8 AU) in diameter (8) for a uniform disk, or on
either Keck AO or speckle imaging and are beginning a survey the presence of overresolved (diffuse) emission within the
of the targets in the Southern Hemisphere using Lucky imaging, 50 mas FOV, 0k10% (3¢). Additional observational epochs
a similar observational technique at optical wavelengths (Law are needed to constrain the multiplicity. V830 Tau has visi-
et al. 2006). bilities estimated from earlier epochs of data (2003, 2004; Ake-
son et al. 2005), which differ from the expected value for an
4. INTERFEROMETRIC OBSERVATIONS OF STARS unresolved source by a few(see Table 9). Future observations
IN TAURUS AND THE PLEIADES of this star with KI are planned in order to determine the nature

The Keck Interferometer (K1) was used to make near-infra- ©f the resolved emission.

red, long-baseline interferometry observations of three sources
in the Pleiades and five sources in Taurus. These observations 5 RADIAL VELOCITY VETTING
are part of a long-term program to study the multiplicity frac- Some of the target stars will have stellar or substellar com-
tion of these sources. In particular, the interferometer is sen-panions that are not detectable by direct imaging (separations
sitive to companions within 30 mas of the primary star and <50 AU). We are conducting a number of radial velocity (RV)
having aK magnitude difference of 3 mag or less. surveys of potentiaBM-YSO stars to determine whether the
The observations were taken on 2006 November 10, with targets have unseen companions that might complicate the as-
Kl configured in the five-channdk band (2.18um central trometric detection of planetary-mass objects. For example, a
wavelength) mode described in Colavita et al. (2003). Cali- 20M, companion in a 1 yr orbit around a 0M, star has an
brators were chosen to match the target&imagnitude and RV amplitude of 660 m &. At 140 pc, this object would
were reduced with the standard parameters (Colavita et al.produce an astrometric signature of 3665 that would swamp
2003), including the ratio correction for imbalanced flux on the the signal from any lower mass planets. Located just a few
two paths of the interferometer. The calibrator sizes were all milliarcseconds from its parent star, the brown dwarf compan-
setto a 0.1+ 0.05 mas diameter, but in all cases, the calibrator ion would be undetectable by direct noninterferometric im-
diameter did not contribute significantly to the final uncertainty. aging. The goal of the RV program is to achieve accuracies
The primary Kl data product is the normalized visibility am- on the order 0500 m s* over 3—4 years, depending on the
plitude squared, for which a value of 1 indicates an unresolvedw sini and photospheric instabilities of each star, with the goal
source. The uncertainty given is the quadrature combination ofof achieving limits on stellar and substellar companions on
the scatter in the target measurement and the uncertainty in therbits interior of 5 AU.
system visibility (which in this case is dominated by the scatter There are two radial velocity surveys presently being con-
in the calibrator measurements). Table 9 lists the targets, theducted on th&M-YSO targets in both the Northern and South-
number of integrations, the calibrated visibility and total un- ern Hemispheres. The southern survey was begun in 2003 July
certainty, and the calibrators used for each target. The uncer-using the echelle spectrograpR = 25,000) on the CTIO
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TABLE 10 10 © 0 T
v SiNi VALUES FOR SCO-CEN TARGETS +
v sini v sini 8- .
Target (km s™) Target (km s™)

TYC 8648-446-1....... 10 TYC8238-1462-1...... 25 L 1
TYC 8283-264-1....... 10 TYC8654-1115-1...... 25 o 6 |
TYC 8282-516-1....... 13 TYC8655-149-1....... 25 8
TYC 8645-1339-1...... 15 TYC9245-617-1....... 25 =
TYC 9246-971-1....... 15 TYC7833-2559-1...... 25 =] F
TYC 7796-1788-1...... 15 TYCB8295-1530-1...... 25 < 4 - ]
TYC 9244-814-1....... 15 TYC7353-2640-1...... 25 i
TYC 7319-749-1....... 15 TYC8636-2515-1...... 30
TYC 8317-551-1....... 15 TYC8646-166-1....... 30
TYC 8242-1324-1....... 18 TYC7310-2431-1...... 30 20 ]
TYC 8249-52-1......... 18 TYC8294-2230-1...... 30
TYC 8259-689-1....... 18 TYC7824-1291-1...... 33 L
TYC 8297-1613-1...... 18 TYC8652-1791-1...... 35 0 P R —
TYC 7848-1659-1...... 18 TYC7852-51-1......... 40
TYC 8640-2515-1...... 20 TYC8633-508-1....... 45 0 20 40 60 80
TYC 8644-340-1....... 20 TYC8248-539-1....... 50 V sin(i) [km/s]
TYC 7811-2909-1...... 20 TYC7333-1260-1...... 55
TYC 8667-283-1....... 23 TYC7851-1-1.......... 55
P\:g ggﬁigill 2:53 I\tgggg;gggi 22 Sal;;g.@?.—Histograms of the values ofsini  estimated from the Sco-Cen

4 m telescope (PI: S. Mohanty). All 42 of the targets in this spheres, with large starspots covering significant portions of

survey were in the Sco-Cen association. Only one epoch of " .
these targets has been collected to date, because of the unl‘oF]e'r surfaces (Schuessler et al. 1996), as well as hot spots due

tunate retirement of this instrument on this telescope. Many of 0 infalling gccret.mg f”ate”a' (Mekkaden. 1998). Day-to-day
the stars in Sco-Cen turned out to be fast rotatst© km s changes arise primarily because of rotation, whereas month-
see Table 10 and Fig. 7), which is not surprising, since a;t 10_to-month variations reflect changes in the spot sizes and their
20 Myr of age, there is ar’nple time for the stars tc’) spin-up due distribution across the surface. Long-term monitoring is es-
to stellar contr’action sential, because different stars have different levels of magnetic

The northern survey began in 2004 October and used theactlwty, and these levels can change with time. These effects

coudeechelle spectrograpiR(= 60,000) on the 2.7 m Harlan can produce large photometric variations, which can signifi-

J. Smith Telescope at McDonald Observatory (PI: L. Prato). _cant!y shift the photocenter of a star. In th_e simplest approx-
Survey targets are located in the Pleiades and in the Taurus!mat'on’ a completely blgck starsp_ot covering a small fraction
star-forming region. To date, 51 objects have been observed afaifnlglgf a stellar hemisphere will shift the photocenter by

multiple epochs, with an RV precision of 140 m'sThis
survey makes use of simultanedB¥R photometry to search

for correlations between RV periods and rotation that are in- Ap(0) ~ B sing 0030&

dicative of starspot modulation rather than the presence of a D.

low-mass companion. Initial results that include a few targets R, 140 pc .

with potential companions or signs of starspots will be pre- = 33-43R— siné cosf pas, 2)
© pc

sented in a forthcoming publication (M. Huerta et al. 2007, in

preparation; Huerta et al. 2005). whereR, is the stellar radiuB, is the distance to the star, and

6 is the longitude of the starspot relative to the line of sight.
6. PHOTOMETRIC MONITORING We have assumed that the spot is on the star’s equator and that
The photospheric activity that affects radial velocity and the star is observed edge-on relative to its rotation axis. The
transit measurements affects astrometric measurements as welhift in the photocentea¢(f) will increase as the spot rotates
but as we now show, at levels consistent with the secure de-away from a face-on longitudeqsiné ), following the rotation
tection of gas giant planets usiiggM. From measurements of  of the star as the spot shrinks in projected areac¢sf ) and
photometric variability (Herbst et al. 1994; Bouvier & Bertout eventually goes behind the star. Relative to the fractional
1989; Bouvier et al. 1995) plus Doppler imaging (Strassmeier change in stellar brightnesa}/1(6) = 8 cosf , and averaging
& Rice 1998), T Tauri stars are known to have active photo- over —x/2 < 6 < w/2, we get an rms dispersion in the location
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of the photocenter (the “astrometric jitter”), given by

as = ()

R, 140 pcAR(mag)
=18— ,
R, D, 0.05 mag pas

pc

R,
D,

®)

where o is a geometric term of order 1.1. A more careful

analysis takes into account the fact that the spots are not com-

pletely black, but rather that they emit with a temperature

~1000 K cooler than the photosphere and are located over a

range of typically high latitudes, and that an ensemble of stars
will be observed at random angles to the line of sight. A Monte
Carlo simulation shows a linear relationship like that of equa-
tion (3), but with a smaller coefficient:

R, 140 pcAR(mag)

=09~
R, D, 0.05 mag pas

(Ap(Monte Carlo)

pc

(4)

For a typical T Tauri star radius of B, in Taurus, we see
that the astrometric jitter is less thap8s forR-band variability
less than or equal to 0.05 magd)L Thus, the search for Jovian
planets with astrometric amplitudes greater thaia$ is pos-
sible for stars less variable than about 0.05 mag in the visible,
even without a correction for jitter that may be possible using
astrometric information at multiple wavelengths. Other astro-
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FiG. 8.—Plot of theV-band photometry taken for AA Tau and DN Tau. The
standard deviations of the photometry for these two sources is 1.5 and
0.17 mag, respectively, making the first source a problensiticY SO target.

The northern component of th@M-YSO sample, which

physical noise sources, such as offsets induced by the presenc'é‘C'L‘des stars in Taurus and the Pleiades, has been monitored

of nebulosity and stellar motions due to disk-induced nonax-
isymmetric forces, are negligible for appropriately selected
stars. Finally, it is worth noting that searching for terrestrial
planets will be difficult until stars reach an age such that thei
photometric variability falls well below 0.01 mag and the cor-
responding astrometric jitter falls belowsas. Even then, color-

r

photometrically with small telescopes at the Maidanak Obser-
vatory (PIl: W. Herbst; Grankin et al. 2007). Approximately 10
data points are obtained on each star during each season to
sample the range of variability. The data are taken primarily
in the B, V, andR bands, with a small amount taken in tbe
band. Forty-two stars are on the program, and about 450 in-

dependent astrometric corrections may be needed for the mostividual measurements have been obtained each season.

sensitive measurements.

Since young stars have active photospheres, it is importantSPuthern samples, 3

Out of those targets observed to date in both the northern and
3% of them have photometric variability that

that we assess the degree of photospheric activity to determindrduces astrometric noise greater tharms (or roughly lo ~

the best targets for the program. THM-YSO team has two
separate programs conducting photometric monitoring of the
sample targets in the Northern and Southern Hemispheres. Th
southern targets are being observed inRhigand (0.9um) at
CTIO, using the SMARTS (Small and Moderate Aperture Re-
search Telescope System) program (Pl: M. Simon), which is

composed of small (0.9-1.5 m) telescopes in the Southern
Hemisphere. To date, they have observed 132 stars in the Sco-

Cen and Upper Sco associations. Figure 8 plotsRhaag-
nitudes of AA Tau and DN Tau taken with the SMARTS survey.

The standard deviations of the photometry for these two sources
are 0.17 and 1.5, respectively, making the latter source a prob-

lematicSM-YSO target.
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0.05 mag) in either th® or R band (see Table 11 and Fig. 9).
Simultaneous monitoring of the variable stars both photo-

dnetrically and with radial velocity measurements during the

S M observations might allow us to model the jitter and derive
accurate astrometry. Those targets exhibiting significant
amounts of photometric variability will be monitored further
to assess whether they should remain in the target list or be
relegated to wide-angle observations, which will be sensitive
to Jupiter-mass planets farther than 1 AU from the star.

7. DISCUSSION

Through a series of precursor programs to observe all of the
stars in theSM-YSO target list, it becomes clear that the ob-
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TABLE 11
STELLAR VARIABILITIES

Target Peak to Peak o ., Program Target Peak to Peako,, 4, Program
HIl 1215 ................ 0.024 0.009 Mdanak | PreibZinn 9968........ 0.140 0.045 SMARTS
S5LEr ..o 0.019 0.010 Miinak | TYC 7326-928-1...... 0.140 0.045 SMARTS
GJ 3305 0.020 0.010 Mdanak | HD 30709.............. 0.150 0.045 Mdanak
HIT996 ................. 0.030 0.010 Mianak| TYC 8238-1462-1..... 0.150 0.045 SMARTS
HIL489 ................. 0.029 0.012 Mdanak| CHXR65............... 0.170 0.045 SMARTS
HII1309 ................ 0.037 0.013 Mdanak| DM Tau................. 0.136 0.046  Mdanak
CHXR 11 ............... 0.040 0.013 SMARTS | PreibZinn 9959......... 0.140 0.046 SMARTS
HD 141569............. 0.056 0.013 Mdanak | TYC 7319-749-1...... 0.180 0.046 SMARTS
HII 1207 ................ 0.034 0.014 Mdanak | PreibZinn 9961........ 0.140 0.047 SMARTS
HIL1797 ............. ... 0.044 0.014 Mdanak | PreibZinn991......... 0.140 0.047 SMARTS
HII 1856 ................ 0.051 0.014 Mdanak | PreibZinn 9929........ 0.170 0.047 SMARTS
HII1095 ................ 0.050 0.015 Mdanak | PreibZinn 9937........ 0.140 0.048 SMARTS
HII1613 ................ 0.054 0.015 Mdanak| TYC 8655-149-1...... 0.140 0.048 SMARTS
HD 140374 ............. 0.060 0.015 SMARTS | TYC 7853-227-1....... 0.140 0.048 SMARTS
HII 2366 ................ 0.041 0.016 Mdanak| PreibZinn 9932........ 0.130 0.049 SMARTS
PreibZinn 9969......... 0.050 0.016 SMARTS | TYC 8283-264-1....... 0.150 0.049 SMARTS
HIL1794 ................ 0.055 0.016 Mdaénak | HD 149735............. 0.130 0.050 SMARTS
TYC 9244-814-1....... 0.050 0.017 SMARTS | TYC 7840-1280-1..... 0.170 0.051 SMARTS
TYC 8259-689-1....... 0.060 0.017 SMARTS | TYC 7842-250-1....... 0.130 0.052 SMARTS
HIT430 ................. 0.048 0.018 Mianak | TYC 8644-340-1...... 0.130 0.052 SMARTS
TYC 8270-2015-1...... 0.050 0.018 SMARTS | TYC 8694-1685-1..... 0.150 0.052 SMARTS
HII 1275 ................ 0.056 0.018 Mdanak | PreibZinn 9976........ 0.160 0.052 SMARTS
TYC 7871-1282-1...... 0.070 0.018 SMARTS | TYC 7833-2037-1..... 0.800 0.052 SMARTS
HIl1514 ................ 0.059 0.019 Mdanak| TYC 7852-51-1........ 0.140 0.053 SMARTS
HD 149551 ............. 0.060 0.019 SMARTS | PreibZinn 9926......... 0.170 0.054 SMARTS
PreibZinn 9974......... 0.060 0.019 SMARTS | PreibZinn 9916......... 0.170 0.055 SMARTS
TYC 8646-166-1....... 0.070 0.019 SMARTS | PreibZinn 9984......... 0.170 0.055 SMARTS
PreibZinn 9 10......... 0.070 0.019 SMARTS | PreibZinn 9986......... 0.190 0.056 SMARTS
TYC 7848-1659-1...... 0.060 0.020 SMARTS | TYC 7824-1291-1..... 0.190 0.057 SMARTS
CHXR 37 ............... 0.070 0.020 SMARTS | PreibZinn 9923........ 0.150 0.058 SMARTS
CHXR8 .............0s 0.070 0.020 SMARTS | TYC 8249-52-1........ 0.150 0.058 SMARTS
PreibZinn 9919......... 0.070 0.021 SMARTS | TYC 8645-1339-1..... 0.170 0.058 SMARTS
TYC 7353-2640-1...... 0.080 0.021 SMARTS | HD 108611............. 0.180 0.058 SMARTS
RECX 5. ..o 0.090 0.021 SMARTS | TYC 7811-2909-1..... 0.150 0.062 SMARTS
TYC 9245-617-1....... 0.060 0.022 SMARTS | TYC 9212-2011-1..... 0.160 0.062 SMARTS
PreibZinn 9975......... 0.070 0.022 SMARTS | ROX3...........co.e. e, 0.180 0.062 SMARTS
TYC 7828-2913-1...... 0.070 0.022 SMARTS | V1121 Oph............. 0.270 0.063 SMARTS
PreibZinn 9964......... 0.070 0.022 SMARTS | TYC 7815-2029-1..... 0.220 0.064 SMARTS
TYC 8633-508-1....... 0.080 0.022 SMARTS | TYC 7858-830-1....... 0.170 0.065 SMARTS
TYC 8636-2515-1...... 0.090 0.022 SMARTS | PreibZinn 996.......... 0.190 0.065 SMARTS
PreibZinn 9981......... 0.080 0.023 SMARTS | PreibZinn 9963........ 0.200 0.066 SMARTS
HII1032 ................ 0.068 0.024 Mdanak| TAP35................. 0.308 0.066  Mdanak
TYC 7310-2431-1...... 0.080 0.024 SMARTS | TYC 7796-1788-1..... 0.170 0.067 SMARTS
TYC 8283-2795-1...... 0.080 0.024 SMARTS | PreibZinn 9940......... 0.180 0.067 SMARTS
TYC 8667-283-1....... 0.090 0.024 SMARTS | RECX4................. 0.200 0.067 SMARTS
TYC 7305-380-1....... 0.090 0.025 SMARTS | PreibZinn 9977......... 0.160 0.068 SMARTS
TYC 7349-2191-1...... 0.090 0.025 SMARTS | PreibZinn 993.......... 0.200 0.068 SMARTS
TYC 7310-503-1....... 0.080 0.026 SMARTS | CHXR 18N............. 0.210 0.068 SMARTS
PreibZinn 9966......... 0.080 0.027 SMARTS | SR4................... 1. 0.200 0.069 SMARTS
PreibZinn 9982......... 0.080 0.027 SMARTS | TYC 7333-719-1....... 0.240 0.069 SMARTS
TYC 8297-1613-1...... 0.100 0.027 SMARTS | ROX43A............... 0.180 0.072 SMARTS
TYC 9231-1566-1...... 0.100 0.027 SMARTS | Haro 6-37............... 0.230 0.075 SMARTS
PreibZinn 992.......... 0.090 0.028 SMARTS | CHXR 66............... 0.220 0.076 SMARTS
TYC 8258-1878-1...... 0.090 0.028 SMARTS | PreibZinn 9918........ 0.240 0.077 SMARTS
TYC 8317-551-1....... 0.100 0.028 SMARTS | PreibZinn 9955......... 0.230 0.078 SMARTS
TYC 8652-1791-1...... 0.100 0.029 SMARTS | V830 Tau............... 0.346 0.078  Mdanak
TYC 7845-1174-1...... 0.110 0.029 SMARTS | PreibZinn 9970......... 0.230 0.079 SMARTS
CHXR40 ............... 0.100 0.030 SMARTS | TYC 8294-2230-1..... 0.230 0.079 SMARTS
PreibZinn 9913......... 0.100 0.030 SMARTS | L1551-51............... 0.258 0.079  Maa@nak
PreibZinn 9945......... 0.100 0.030 SMARTS | V966 Cen............... 0.130 0.080 SMARTS
TYC 7783-1908-1...... 0.110 0.030 SMARTS | PreibZinn 9911........ 0.230 0.081 SMARTS
PreibZinn 9917......... 0.110 0.030 SMARTS | HD 105070............. 0.230 0.083 SMARTS

2007 PASP119:747-767



SM PLANETQUEST PRECURSOR OBSERVATIONS 765

TABLE 11 (Continued)

Target Peak to Peak o 4, Program Target Peak to Peako 4, Program
TYC 8983-98-1......... 0.110 0.030 SMARTS | CHXR 29............... 0.260 0.083 SMARTS
PreibZinn 9958......... 0.090 0.031 SMARTS | TYC 7813-224-1....... 0.080 0.084 SMARTS
TYC 8295-1530-1...... 0.100 0.031 SMARTS | TYC 8982-3213-1..... 0.250 0.085 SMARTS
TYC 7822-158-1....... 0.110 0.031 SMARTS | W Tau.................. 0.238 0.086 Mianak
TYC 7333-1260-1...... 0.110 0.031 SMARTS | V1056 Sco.............. 0.230 0.087 SMARTS
vVioo9 Cen............. 0.090 0.032 SMARTS | TYC 9246-971-1....... 0.240 0.088 SMARTS
PreibZinn 9939......... 0.090 0.034 SMARTS | PreibZinn 9925......... 0.250 0.088 SMARTS
HD 140421............. 0.110 0.034 SMARTS | PreibZinn 9933......... 0.250 0.091 SMARTS
TYC 8263-2453-1...... 0.110 0.034 SMARTS | PreibZinn 9954......... 0.240 0.092 SMARTS
PreibZinn 9914......... 0.120 0.034 SMARTS | PreibZinn 9949......... 0.210 0.093 SMARTS
LkCa 19 ................ 0.163 0.034 Mdanak | TYC 8242-1324-1..... 0.320 0.094 SMARTS
TYC 8654-1115-1...... 0.120 0.035 SMARTS | Preibzinn 9980......... 0.260 0.097 SMARTS
TYC 8640-2515-1...... 0.130 0.035 SMARTS | PreibZinn 9942........ 0.290 0.097 SMARTS
PreibZinn 99-79 ........ 0.100 0.036 SMARTS | PreibZinn 9921........ 0.300 0.107 SMARTS
TYC 8683-242-1....... 0.110 0.036 SMARTS | HQTau................. 0.233 0.109  Midnak
PreibZinn 9928......... 0.110 0.037 SMARTS | ClTau ........c.coevvnnn 0.298 0.114  Mdanak
PreibZinn 9960......... 0.110 0.037 SMARTS | IPTal...........ccvvnnnn. 0.362 0.125 Midnak
PreibZinn 9967......... 0.120 0.037 SMARTS | PreibZinn 9915......... 0.430 0.126 SMARTS
HIl 1124 ... ... 0.100 0.038 Mdanak | TYC 7817-622-1...... 0.380 0.127 SMARTS
PreibZinn 9927......... 0.140 0.038 SMARTS | BP Tau.................. 0.457 0.129  Mdanak
PreibZinn 9962......... 0.140 0.038 SMARTS | UYAUr .......covnnne. 0.350 0.130  Mddnak
RECX6........ccvnnenn. 0.150 0.038 SMARTS | SR10.........ccevnennn. 0.370 0.131 SMARTS
DNTau ................. 0.165 0.038 MEnak| DoAr2l................ 0.310 0.134 SMARTS
PreibZinn 9936......... 0.110 0.039 SMARTS | DG Tau........c..o..... 0.606 0.138  Mdanak
CHXRG6 .........ceette 0.120 0.039 SMARTS | PreibZinn 9978......... 0.350 0.139 SMARTS
HD 120411............. 0.120 0.039 SMARTS | V836 Tau............... 0.417 0.142  Mdanak
RECX 10 ............... 0.120 0.039 SMARTS | HD 113466............. 0.390 0.149 SMARTS
TYC 8248-539-1....... 0.120 0.039 SMARTS | GKTau ................. 0.692 0.183  Mdanak
PreibZinn 922 ......... 0.110 0.040 SMARTS | PreibZinn 9973......... 0.550 0.188 SMARTS
TYC 8319-1687-1...... 0.120 0.040 SMARTS | DLTau ........c..u..... 0.723 0.212 Mdanak
PreibZinn 9971......... 0.140 0.040 SMARTS | DHTau ................. 0.537 0.214  Mdanak
HD 138995............. 0.150 0.040 SMARTS | Gl Tau ........cvvvnnnnn. 0.597 0.216  Mdanak
L1551-55 ...l 0.126 0.041 Mda@nak| TYC 8633-28-1........ 0.180 0.226 SMARTS
TYC 7833-2559-1...... 0.140 0.041 SMARTS | HD 108568............. 0.550 0.233 SMARTS
PreibZinn 9983......... 0.130 0.042 SMARTS | PreibZinn 9944......... 0.670 0.262 SMARTS
TWA19 ................ 0.140 0.042 SMARTS | DRTau .........oovvvnn 1.092 0.296  Mdanak
HD 117524............. 0.140 0.043 SMARTS | AATau ............con 1.499 0.454  Mdanak
TYC 8644-802-1....... 0.140 0.043 SMARTS | TYC 8234-2856-1..... 0.170 0.495 SMARTS
CHXR 68A ............. 0.150 0.043 SMARTS | TYC 8282-516-1....... 0.130 0.689 SMARTS
TYC 7851-1-1.......... 0.120 0.044 SMARTS | RECX 2........ccevneee 2.150 0.808 SMARTS
TYC 8648-446-1....... 0.150 0.044 SMARTS | TCha................... 2.430 0.850 SMARTS
PreibZinn 9950......... 0.120 0.045 SMARTS | HII 1136................ 1.841 1.127  Mdanak

servable most affecting the viability of the targets is photo- other clusters and newly classified T Tauri stars. While many
metric variability. To date, 22% of the stars (33% of those stars new young stars are being discovered in relatively nearby mov-
observed) in the target list have variability that contributes more ing groups (e.g., Song et al. 2003), these typically have ages
than 3pas of noise to the astrometric measurements. Table 3,0f 10-25 Myr. These stars can be observed inexpensively with
which provides basic information on the entBM-YSO list, SM’s wide-angle mode and will probably not have problems
has been separated into “low variability,” “high variability,” of excessive variability. We will concentrate on finding bright
and “not observed” sections, based on the degree of their varenough replacement stars in the 1-5 Myr age range to avoid
iability and whether they have been observed to date. Eachskewing our sample toward older stars.
sublist is then ranked by the astrometric signal expected for a
Jupiter-mass planet at a distance of 1 AU from the stars (listed
in the column labeled “Signal”). To date, 67% of the sample
has variability data, with the remainder expected to be com- While the nearer target stad<€ 50 pc) will have planetary
pleted within the next year or two. astrometric signatures large enough to be detected by wide-
To replace those stars that might be lost to photometric var- angle observations, more distant or more massive stars will
iability, we will examine the literature, looking for objects in have astrometric signatures on the order gia®, requiring

7.1. Observing Scenarios and Reference Stars
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505_ _ a balance between observing fainter, more distant, and young
E ] objects in narrow-angle mode versus the brighter, closer, and

Low High . .
g older stars in wide-angle mode.

8. CONCLUSIONS

. ] We have presented the results for a number of precursor
S0 E programs aimed at creating a robust list of young stars to be
' 1 observed as part of a key project for t&EM PlanetQuest

] mission. This program will detect Jupiter-mass planets at dis-
— tances of~1-5 AU from the star, thereby probing planet for-

3] mation at distances comparable to where radial velocity planets
] are found around mature main-sequence stars. The imaging
3 surveys did not find any stars with bright nearby companions
] that could pose a problem f&@M, although we did find a
potential M star companion 2.4way from GK Tau. The radial

Number

N velocity surveys may have found one or two stars with close-
0.2 0.3 in companions. In the near future, the RV surveys will be
Variability [mags] supplemented with high spectral resolution RV surveys in the

near-infrared. These observations are not as affected by the
photometric variability of the star and are expected to achieve
FiG. 9.—Histograms of the standard deviations of the flux variations ob- rms accuracies down to 100 thereby allowing for the
served in bc_)th the .northern an(_j southern photometry surveys. A deviation °fdetecti0n of lower mass objects. One selection effect we will
>0.05 mag is considered too high for t88M-YSO targets. . . .
have to guard against is losing too many of the youngest stars

narrow-angle observations. Narrow-angle observations requiredue to large photometric variations. We will continue to sup-
that a set of at least three reference stars within~<hes® plement our target list with additional stars that meet our basic
field of view be used for these observations. These referencectiteria, and also investigate ways to mitigate astrometric jitter
stars must themselves be astrometrically stable to within USiNg multiwavelength data froM itself.
<4 pas. The best reference stars are K giants at distask®s
pc. There is an additional precursor program currently making We acknowledge many useful and formative discussions
photometric observations of the pool of reference stars that arewith other members of th8lM-YSO Science Team, including
available for everfHM-YSO target (or clusters of targets). When A. Boden, L. Hartmann, J. Lunine, J. Stauffer, and T. Velusamy.
choosing the reference stars, we used a combined 2MASS-Tychd.. P. and M. H. thank our colleagues C. Johns-Krull, P. Har-
2 catalog to select K giants based on visible—near-IR colors andtigan, and D. Jaffe for their collaboration on the McDonald
on reduced proper motions (RPMs). The following selection cri- Observatory project. Based on observations obtained at the
teria were also used to make the initial lists of reference stars: (1)Hale Telescope, Palomar Observatory, as part of a continuing
separation from targekl1.25, (2) 0.5<(J—K,)<1.0, (3) collaboration between the California Institute of Technology,
1.0< (Bryeno = Vryend < 1.5, (4) V1yeno< 10, and (5) RPM= the NASA Jet Propulsion Laboratory, and Cornell University.
K, + 5logu < 1. While some of the reference stars have pub- The research described in this publication was carried out at
lished spectral types, many stars do not have any spectral typehe Jet Propulsion Laboratory, California Institute of Technol-
at all. We have begun a program of verification of the lumi- ogy, under a contract with the National Aeronautics and Space
nosity classes of the photometrically selected sample, using theAdministration. This publication makes use of data products
SMARTS telescopes. from the Two Micron All Sky Survey, which is a joint project
Observing the stars in narrow-angle mode requires roughly of the University of Massachusetts and the Infrared Processing
5 times more integration time than doing so in wide-angle and Analysis Center, California Institute of Technology, funded
mode, primarily due to the necessity of observing three to five by the National Aeronautics and Space Administration and the
reference stars. Putting together the final program will require National Science Foundation.
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