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ABSTRACT
To search for thermal emission from substellar companions, we have obtained Z-band images of 15 weak-lined

T Tauri stars in the Taurus-Auriga and Ophiuchus star-forming regions using the Planetary Camera 2 on the Hubble
Space Telescope. We found 18 faint nearby objects at separations larger than 4” but none at smaller separations. For
11 of these we have enough color information to suggest that they are not substellar members of the star-forming
regions. The remaining seven faint nearby objects are candidate substellar objects. Our detection limit for com-
panions with separations larger than about 1” is apparent Z = 19.5 mag, corresponding to substellar objects in the
mass range 3M;—15Mj for the age range of our targets, 1.2—25 Myr. Our detection limit degrades for smaller sepa-
rations and is 4—-6 mag poorer at a separation of 072, corresponding to a projected separation of 30 AU. Inside
0”2 our sensitivity is insufficient to detect substellar companions. To complement the imaging program, extensive
spectroscopic observations were obtained with the Center for Astrophysics Digital Speedometers. Four of our tar-
gets proved to be spectroscopic binaries, one of them double-lined. We report orbital solutions for these four stars.
Our radial velocities support the membership of all our targets to their respective star-forming regions, except for
HD 283759, which must be rejected as a member.

Key words: binaries: spectroscopic — planetary systems — stars: imaging — stars: low-mass, brown dwarfs —

stars: pre—main-sequence

1. INTRODUCTION

Diffraction-limited imaging with the Hubble Space Telescope
(HST) offers the opportunity to search for faint low-mass com-
panions of young stellar objects in a new circumstellar domain
not yet accessible to either the Doppler or astrometric approaches,
namely for angular separations larger than about 072. In this do-
main the acceleration of a star induced by a low-mass companion
is too small to be detected by the two classical indirect techniques.
In this paper we report the results of a search for thermal emis-
sion from substellar companions around 15 weak-lined T Tauri
stars (WTTSs) in the Taurus-Auriga and Ophiuchus star-forming
regions using the Z band with the Planetary Camera 2 (PC2) on
HST.

! Some of the results presented here used observations made with the MMT,
a joint facility of the Smithsonian Institution and the University of Arizona.

2 This publication makes use of data products from the Two Micron All Sky
Survey (2MASS), which is a joint project of the University of Massachusetts and
the Infrared Processing and Analysis Center/California Institute of Technology,
funded by the National Aeronautics and Space Administration and the National
Science Foundation (NSF).

3 Current address: Department of Astronomy, Steward Observatory, Univer-
sity of Arizona, 933 North Cherry Avenue, Tucson, AZ 85721-0065.
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The two main factors controlling the thermal emission from
substellar companions more than a few AU away from their
parent stars are their mass and age. Objects more massive than
about 12M; can briefly burn deuterium, but ultimately all objects
below about 80M; radiate away the energy derived from gravi-
tational contraction and must therefore cool and fade (Burrows
et al. 1997). Therefore, the main strategy of our search for sub-
stellar companions is to look for them around young stars using
deep imaging, before they have had time to cool and grow too
faint to be detected.

When direct imaging is used, targets that are closer to us are
better, because that allows us to probe to smaller orbital sizes
and fainter companions. Unfortunately, there are very few stars
in the nearby field that are young enough for this experiment,
say less than 5 Myr old. Furthermore, the ages of young field stars
are difficult to establish if their distances are poorly determined.
For these reasons we have chosen to observe stars in two of the
nearest star-forming regions, Taurus-Auriga and Ophiuchus, where
there are many stars younger than 107 yr, and the ages can be es-
timated from the observed luminosities and spectral types under
the assumption that all the targets belong to the same physi-
cal association and are at the same distance. The main disadvan-
tage of observing targets in the Taurus-Auriga and Ophiuchus



SEARCH FOR SUBSTELLAR COMPANIONS AROUND WTTSs 2295
TABLE 1
TARGET WEAK-LINED T TAURI STARS
R.A. Decl.
Star (J2000) (J2000) V B-V K-L W(Ha) Az Spectral Type log T log (L/Ls) Ref.
HBC 374............ 04 18 47.04 +28 20 07.3 12.67 1.68 0.01 +3.0 0.32 K7 3.61 +0.18 1
HBC 376............ 04 18 51.70 +17 23 16.6 12.28 1.13 0.11 +0.7 0.00 K7 3.61 —0.42 1
HBC 397 04 32 09.27 +17 57 22.8 12.06 1.23 0.04 +0.5 0.29 K7 3.61 —-0.30 1
HBC 399 04 32 14.57 +18 20 14.7 12.27 1.41 0.10 +1.8 0.12 K7 3.61 —0.10 1
HBC 400a.......... 04 32 15.84 +18 01 38.7 12.11 1.39 0.18 +1.6 0.12 K7 3.61 —0.28 1
HBC 400b.......... 0.12 K7 3.61 —0.40 1
HD 283759 ........ 04 36 48.21 +24 12 58.8 10.36 0.76 0.00 F5 3.81 +0.61 2,3
HBC 419 04 39 17.80 +22 21 03.5 12.41 1.37 0.57 +12.7 0.26 K5 3.64 —0.08 1
HBC 426 04 55 36.96 +30 17 55.3 10.85 1.02 0.10 +0.5 0.00 KO 3.72 +0.23 1
HBC 79........c..... 04 55 59.38 +30 34 01.6 9.15 0.89 0.88 +4.0 0.38 G2 3.77 +1.11 1
HBC 427 04 56 02.02 +30 21 03.8 11.60 1.28 0.20 +0.7 0.00 K7 3.61 —0.09 1
HBC 429............ 05 03 06.60 +25 23 19.7 13.12 1.51 0.42 +9.0 0.25 K7 3.61 —0.29 1
ScoPMS 21 ........ 16 01 25.64 —22 40 40.3 11.45 1.10 0.11 —0.35 0.07 K1 3.71 +0.00 4
HBC 630 16 11 08.91 —19 04 46.9 11.90 1.32 0.14 —-0.71 0.63 K2 3.69 +0.32 4,5
HBC 633 16 11 59.28 —19 06 53.3 11.65 1.09 0.16 +0.27 0.49 K1 3.71 +0.04 4,5
HBC 636............ 16 25 49.64 —24 51 31.9 13.12 1.7 0.4 —1.3 0.21 K6 3.60 —0.20 3,4,5,6
HBC 637............ 16 26 03.02 —24 23 36.0 13.95 0.83 0.28 —0.60 2.17 KO 3.72 +1.18 3,4,7,8

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
REereEreNcES.— (1) Kenyon & Hartmann 1995; (2) Jones & Herbig 1979; (3) Simon et al. 1995; (4) Walter et al. 1994; (5) Chen et al. 1995; (6) Niirnberger et al.

1998; (7) Bouvier & Appenzeller 1992; (8) Bontemps et al. 2001.

star-forming regions is their rather large distance, about 150 pc.
Even with the superb resolution available with the PC2 on HST,
we are limited to projected separations larger than about 30 AU.

After solar-type stars emerge from the clouds of gas and
dust that enshrouded their birth, they collapse rapidly toward the
main sequence on timescales of a few million years. During this
classical T Tauri star (CTTS) stage, there are several manifes-
tations of their youth, such as strong Ho emission and excess
infrared emission from a circumstellar disk. This is the critical
phase when planets may have the opportunity to form. How-
ever, it would be difficult to detect substellar objects directly,
because of obscuration by the disk and its competing emission.
For the targets of our search we have chosen WTTSs. We pre-
sume that these pre—main-sequence stars have recently cleared
their circumstellar disks, as evidenced by their weak Ha emis-
sion and weak infrared excess, perhaps by the process of forming
planets.

In HST Cycle 4 we obtained deep images of nine WTTSs in
Taurus-Auriga with the PC2 F785LP filter centered near 870 nm
but found no evidence for substellar companions (Sartoretti et al.
1998). For our Cycle 6 proposal we shifted to the longest pass-
band available with the PC2, the W1042 filter, because estimates
based on newly available theoretical and observed spectra for
brown dwarfs (Oppenheimer et al. 1998; Sudarsky et al. 2003)
suggested that the detection limit would be better in this filter
despite the low sensitivity of the PC2 CCDs longward of 1000 nm.
Deep images of 15 WTTSs were obtained in Cycle 6, but once
again no evidence was found for substellar companions down
to a detection limit of a few M.

2. TARGET SELECTION AND CHARACTERISTICS
2.1. Weak-Lined T Tauri Stars

As targets for this project we focused on WTTSs, pre—main-
sequence stars with much weaker emission from their circum-
stellar disks than CTTSs, presumably because the disks around
the WTTSs have recently been dissipated, perhaps by the for-
mation of planets. We tried to select especially young WTTSs in

the Taurus-Auriga and Ophiuchus star-forming regions, in or-
der to minimize the cooling time and thus maximize the ther-
mal emission from any substellar companions. Specifically, we
selected the youngest stars that met the requirement that the
equivalent width of the Ha emission be less than 10 A or that
the K — L color index, when available, be less than 0.4 mag. We
also tried to avoid WTTSs with stellar companions that might
have interfered with the formation and/or survival of the sub-
stellar companions we were looking for. Specifically, we required
that our targets had been searched for nearby stars (where “nearby”
only means “with small angular separations”) using CCD imag-
ing, speckle imaging, and/or lunar occultations and had not been
found to have any nearby stars in the range of projected sepa-
rations, 071-10" (Leinert et al. 1993; Ghez et al. 1993; Simon
et al. 1995; Reipurth & Zinnecker 1993; Richichi et al. 1994).

The characteristics of the 17 stars that ended up getting ob-
served in Cycle 6 are summarized in Table 1. Our original selec-
tion of WTTSs was based primarily on the Ha equivalent widths
reported by Strom et al. (1989), but Table 1 lists more recent val-
ues of the Ha equivalent widths and K — L colors, mostly from
Kenyon & Hartmann (1995). In three cases (HBC 79, 419, and
429) the new data indicate that these three stars violate our orig-
inal selection criteria by modest amounts.

The positions that we report for our targets in Table 1 were
taken from the 2MASS catalog. The effective temperatures, 7o,
were all derived from published spectral types using the calibra-
tion from Kenyon & Hartmann (1995). The values for the ex-
tinction in the Z band, Az, were derived from published J-band
extinction estimates when available and from /-band estimates
otherwise, using the mean extinction curve reported by Fitzpatrick
(1999). The luminosities were taken from the literature, mostly
from Kenyon & Hartmann (1995). Figure 1 shows our 15 tar-
gets on a luminosity versus 7 diagram together with the evo-
lutionary tracks for pre—main-sequence stars from Seiss et al.
(2000, hereafter SDF00).

HBC 400 is a double-lined spectroscopic binary. Our TODCOR
analysis (see § 2.2.2) of our observed spectra of HBC 400 yielded
a light ratio between the secondary and primary of 0.75 at an
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Fic. 1.—Luminosity vs. effective temperature for our 15 targets, with the
theoretical evolutionary tracks from SDF00.

effective wavelength of 5187 A. We used this light ratio to divide
the total observed luminosity between the two components.

2.2. CfA Spectroscopy
2.2.1. Radial Velocities

Perhaps the most fundamental test of whether a star belongs
to a young cluster or star-forming region is to compare its dis-
tance and space motion with other cluster members. Foreground
and background stars that happen to lie in the same direction as
the cluster or region should have discrepant distances, while in-
terlopers that happen to be passing through the cluster or region
should have discrepant space motions. Historically, the identifi-
cation of candidate members of young clusters and star-forming
regions has had to rely heavily on observed indicators of youth,
because reliable measurements of the individual stellar distances
and kinematics have rarely been available. In particular, surveys
for stars with strong Ha emission have been a main tool for
finding CTTSs, while other indicators such as strong X-ray emis-
sion have been used for the identification of WTTSs (Strom et al.
1989).

To provide additional information for checking the member-
ship of our Cycle 6 targets in their respective star-forming re-
gions, we undertook a program of spectroscopic observations
with the CfA Digital Speedometers (Latham 1985, 1992), pri-
marily to derive radial velocities. A single radial velocity mea-
surement cannot provide conclusive confirmation or rejection
of a star’s membership in a star-forming region, because the ob-
served velocity can be perturbed significantly by orbital motion
if the target is actually a spectroscopic binary. Therefore, we
monitored the velocities of all our targets for several years
to allow the identification of spectroscopic binaries and the de-
termination of orbital solutions and systemic velocities when
appropriate.

Three nearly identical echelle spectrographs have been used
on the MMT and 1.5 m Tillinghast Reflector at the F. L. Whipple
Observatory atop Mount Hopkins, Arizona, and on the 1.5 m
Wyeth Reflector located at the Oak Ridge Observatory in the
town of Harvard, Massachusetts. Photon-counting intensified
Reticon detectors were used to record about 45 A of spec-
trum in a single order. Most of the spectra were centered near
5187 A, but a significant number of the early spectra were cen-
tered near 5197 A. The spectral resolution is about 8.5 km s~

Vol. 129
TABLE 2
Ter AND log g COMPARISON
CfA LITERATURE CfA—Lir

Star Terr log g Terr log g Teme log g
HBC 374............... 4497 35 4074 3.4 +423 +0.1
HBC 376............... 4676 4.0 4074 4.1 +602 —0.1
HBC 397 4505 35 4074 4.0 +431 —0.5
HBC 399............... 4502 4.0 4074 3.7 +428 +0.3
HD 283759 ........... 6322 35 6456 4.1 —134 —0.6
4581 4.0 4365 4.0 +216 0.0
5026 4.0 5248 4.1 —222 —0.1
5523 35 5888 3.6 —365 —0.1
4490 35 4074 3.7 +416 —0.2
HBC 429............... 4553 4.0 4074 4.0 +479 0.0
ScoPMS 21 ........... 4801 4.0 5129 42 —328 —0.2
HBC 630 4997 4.0 4897 4.0 +100 0.0
HBC 633............... 4958 35 5129 42 —171 —0.7

HBC 636............... 4291 35 3981 +310
HBC 637............... 4874 35 5248 3.9 —374 —-0.4

for all our exposures, and the signal-to-noise ratios range from
about 5 to 50 per resolution element.

Radial velocities were extracted from the observed spectra us-
ing the one-dimensional correlation package R2ZRVSAO (Kurtz
& Mink 1998) running inside the IRAF* environment. For the
templates we used a new grid of synthetic spectra (J. A. Morse
& R. L. Kurucz 2005, in preparation) calculated using the lat-
est Kurucz model atmospheres. The new grid of synthetic tem-
plates incorporates several improvements compared with the older
grid that we used for several years (Nordstrom et al. 1994).To
select the optimum synthetic template for each star, we adopted
solar metallicity and ran correlations for an appropriate range of
T.; surface gravity, log g; and rotational velocity, v, For the
final velocity reductions we adopted the template that gave the
highest average value for the peak of the correlation coefficient.

We also used our grid of correlation results to interpolate for
the best effective temperature at the best surface gravity for
each of our targets. These T,gand log g values, derived from the
CfA spectra alone, are compared in Table 2 with the T, values
that we adopted from the literature and to log g values that we
calculated using the masses implied by the SDF00 isochrones
plotted in Figure 1. The two sets of temperatures have a mean
difference of +121 + 350 K rms, with a clear dependence of the
differences on T.g. At the lower temperatures the CfA spectro-
scopic temperatures are hotter, and at the higher temperatures
they are lower. The corresponding mean difference in log g is
—-0.2+0.3.

Although it is reassuring that our procedure for selecting
optimum templates picks stellar parameters that agree reason-
ably well with values from the literature, we must caution that our
procedure was designed to optimize the radial velocity determi-
nations, not to determine the fundamental astrophysical char-
acteristics of our stars. In particular, if the actual metallicity of a
star is significantly different from solar, the T, and log g values
that give the best correlations will exhibit systematic errors. For
example, if the star is actually more metal-poor than the Sun,
then the observed absorption lines will be weaker than in a syn-
thetic template spectrum with the correct temperature and gravity

4 IRAF (Image Reduction and Analysis Facility) is distributed by the Na-
tional Optical Astronomy Observatory, which is operated by the Association of
Universities for Research in Astronomy, Inc., under contract with the NSF.
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TABLE 3
MEAN VELOCITIES AND ERRORS
Star T log g Nobs Span Vrot Vrad o ext int eli x? P(x?) Binary

HBC 374.............. 4500 3.5 21 6675 17 +15.93 0.39 1.81 0.97 1.86 87.27 0.000000

HBC 376.............. 4750 4.0 7 1475 70 +16.06 1.27 3.35 3.04 1.10 9.38 0.153129

HBC 397.............. 4500 3.5 29 5470 35 +17.63 0.32 1.72 1.26 1.37 51.15 0.004802

HBC 399.............. 4500 4.0 20 4776 21 +14.62 0.47 2.10 1.40 1.50 43.68 0.001045

HBC 400.............. 4500 4.0 17 4082 4 +17.63 0.18 SB2

HD 283759 6250 3.5 6 1433 56 +31.63 0.86 1.64 2.11 0.78 5.32 0.377924

HBC 419... 4500 4.0 9 4041 15 +16.02 0.49 1.46 0.98 1.48 24.87 0.001634

HBC 426... 5000 4.0 22 4752 23 +14.08 0.21 0.95 0.99 0.96 20.42 0.494821

HBC 79......cccc.. 5500 3.5 21 7740 65 +14.71 0.40 1.84 1.81 1.02 26.66 0.145004

HBC 427.............. 4500 3.5 58 5148 11 +14.42 0.11 5.48 0.65 8.39 4323.92 0.000000 SB1

HBC 429.............. 4500 4.0 19 3719 12 +17.56 0.40 1.76 0.91 1.94 66.74 0.000000

ScoPMS 21 .......... 5000 4.0 11 4402 11 —6.34 0.26 0.86 0.69 1.25 15.58 0.112360

HBC 630... 5000 4.0 31 1181 25 —6.55 0.37 9.89 1.19 8.30 2805.03 0.000000 SB1

HBC 633... 5000 3.5 18 824 26 —7.36 0.40 9.07 1.00 9.10 1615.39 0.000000 SB1

HBC 636... 4250 3.5 13 5409 6 -5.29 0.19 0.64 0.68 0.94 11.02 0.526802

HBC 637.............. 5000 35 5 356 29 —4.62 3.32 7.43 4.31 1.73 21.70 0.000229

but solar metallicity. To regain the best match with the observed
spectrum, a template with weaker lines is needed, i.e., with hotter
temperature and/or weaker surface gravity than the correct val-
ues. In contrast, the values that we derive for the projected rota-
tional velocity, vy sin 7, are relatively insensitive to errors in the
other template parameters, except when the rotation is smaller
than about 5 kms~'; i.e., it is much smaller than the instrumental
resolution of 8.5 km s~ .

2.2.2. Spectroscopic Binaries

The results of our radial velocity observations are summarized
in Table 3, where we report the T, and log g values adopted
for the template spectra; the number of observations and time
spanned in days; the projected rotational velocity, v sin i; the
mean radial velocity and error in the mean (or the systemic ve-
locity and its error for the four spectroscopic binaries with or-
bital solutions); the observed rms velocity variation (ext), mean
internal velocity error estimate (int), and ratio of ext to int (e/i);
and the x? value and probability calculated assuming a floor
error of 0.25 km s~!. Four of our targets are spectroscopic bina-
ries according to the criteria described by Latham et al. (2002);
one of them is double-lined. These stars are noted in the final
column of Table 3. The details of the orbital solutions are doc-
umented in Table 4, and the velocity curves are plotted in
Figure 2. The individual velocities are listed in Table 5, includ-

ing velocities for both components of the double-lined binary
HBC 400 derived using the two-dimensional correlation tech-
nique TODCOR (Zucker & Mazeh 1994) as implemented by
G. T. at CfA. For a more complete description of the procedures
used for the radial velocity determinations and orbital solutions,
see Latham et al. (2002).

2.2.3. Radial Velocity Membership

Ten of our Cycle 6 targets in the Taurus-Auriga region have
radial velocities in the range +14.08—17.63 km s~!, with an
average velocity of +15.89 + 0.41 km s~! and an rms disper-
sion of 1.30 km s~!. Our eleventh Taurus-Auriga target, HD
283759, has a velocity of +31.63 + 0.86 km s~!, which is larger
than the cluster mean by 12 times the dispersion. We conclude
that HD 283759 cannot be a member of the Taurus-Auriga star-
forming region. Although its K — L = 0.00 mag suggests that
it may be young, it does not have a direct distance determina-
tion and therefore cannot be placed on an H-R diagram to es-
timate its age. We cannot assume that it has the same distance as
Taurus-Auriga and was born in that star-forming region a few
million years ago, because its higher radial velocity would have
moved it further away by 78 pc in 5 Myr. The velocity disper-
sion of 1.30 km s~ that we find for our 10 confirmed members
is consistent with the dispersion of 1-2 km s~! reported by
Jones & Herbig (1979) for subgroups in Taurus-Auriga, based on

TABLE 4
ORBITAL SOLUTIONS

asin i M) N Span
HBC P ol K e w T a) psin i M, 5 sin®i o Cycles
400a......ccorurnnne 3.887763 +17.63 18.42 0.025 57 47886.42 0.984 0.01013 17 4082
4+0.000039 +0.18 +0.32 +0.016 +30 +0.33 +0.019 +0.00057 0.90 1050
400D......ccceneee 18.49 0.988 0.01009 17
+0.43 +0.026 +0.00048 1.22
427 o 2533 +14.42 7.54 0.469 214.4 49120 2323 0.0778 58 5149
+13 +0.11 +0.18 +0.019 +2.9 +15 +7.1 +0.0070 0.77 2.0
630...cciiinne 144.73 —6.55 15.01 0.253 258.7 47047.6 28.9 0.046 31 1181
+0.42 +0.37 +0.61 +0.044 +7.6 +2.7 +3.7 +0.017 1.74 8.2
633 10.4012 —7.36 14.94 0.179 300 51427.30 2.10 0.0034 18 825
+0.0014 +0.40 +0.59 +0.042 +10 +0.27 +0.23 +0.0011 1.39 79.3
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Fic. 2.—Velocity curves for our orbital solutions of four spectroscopic binaries, together with the observed radial velocities.

proper-motion measurements. When we combine the velocities
for the 10 members confirmed in this paper with all the CfA
velocities now available for the eight members confirmed in our
Cycle 4 paper (Sartoretti et al. 1998), we get an average velocity
of +16.28 + 0.30 km s~! and an rms dispersion of 1.26 km s—1.
As summarized in Table 6, our results are reasonably consistent
with the mean velocities and rms dispersions for the Taurus-
Auriga star-forming region as reported by Hartmann et al. (1986)
for 41 CTTSs, by Hartmann et al. (1987) for eight Lick Ca 1
CTTSs showing strong lithium, and by Walter et al. (1988) for
29 WTTS:s.

All five of our targets in Ophiuchus have similar velocities,
with a mean of —6.0 & 0.5 km s~! and a dispersion of 1.1 km
s~!. This is consistent with the mean velocity of —5.2 km s~!
and a dispersion of 1.8 km s~! reported by Walter et al. (1994)
for a larger sample of young stars in Ophiuchus.

3. HST OBSERVATIONS AND DATA REDUCTION

For our HST observations with the PC2 we chose the near-
infrared intermediate-band filter W1042 (Z band). The trans-
mission of this filter is nearly flat for A = 1045 4+ 45 nm with a
steep decline outside this range, but the integrated response of
the system is narrower and shifted to a shorter effective wave-
length because of the exponential decline in sensitivity of the
CCD at wavelengths longer than about 1000 nm. Accordingly,
the effective passband of the PC2 in the W1042 filter is nomi-
nally A = 1025 =+ 25 nm. The PC2 has a pixel spacing of 070455,
and the point-spread function (PSF) has a FWHM in the W1042
filter of 0711.

For each of the stars we obtained images at two spacecraft
roll angles 25° apart to allow us to distinguish between PSF ar-
tifacts (which would appear at the same position for both roll
angles) and the signature of a nearby object (which would ap-
pear to rotate by 25° between the two roll angles). Unfortu-
nately, we did not require that the two roll angles be obtained
on successive orbits. In actual execution of this project, the two

roll angles were always separated by at least a day, with a me-
dian interval between roll angles of 32 days and a maximum of
279 days. It turns out that there is significant “‘breathing” in the
HST optics even over 1 day, resulting in subtle changes in the
PSF that limit how well the subtraction of the two roll angles
removes PSF artifacts. Obtaining the two roll angles in succes-
sive orbits would also have helped minimize the impact of in-
trinsic brightness variations in our targets.

Four separate images were obtained during a single orbit at
each roll angle. An exposure time of 400 s was chosen for the
individual exposures, so as to mildly saturate the centers of the
target star images. The four exposures were taken in pairs, with
an offset of 5 pixels in both x and y between the pairs, to al-
low better identification of warm pixels suffering from imperfect
correction.

After processing through the standard HST pipeline, the im-
ages were reduced with standard IRAF tasks. This included pre-
liminary processing with warmpix to correct for flawed pixels,
using the appropriate monthly map; registration of the two pairs
of offset images using xreg; removal of cosmic rays using crrej;
and subtraction of the summed images at the two roll angles us-
ing imarith.

3.1. Photometry of the Targets

We used the IRAF aperture photometry task phot to deter-
mine the instrumental Z magnitudes, using the standard aper-
ture with radius 0”5 for the star and an annulus between 150 and
155 pixels from the center of the target for the background. An
aperture correction of —0.1 mag was then applied to account for
the target flux in the PSF wings outside the 0”5 aperture.

HBC 633/1 is a relatively bright but unsaturated object close
to HBC 633, 2.13 mag fainter in the Z band and at a separation
of 3”41. To correct for the saturation at the center of the target
images, we used the image of HBC 633/1 to calibrate the signal
expected inside an aperture with radius 7 pixels compared with
the signal in an annulus between 7 and 10.8 pixels. This ratio



TABLE 5
RADIAL VELOCITIES

Telescope® HID Vrad o

HBC 374, 04 18 46.9 +28 20 09
2445630.9144 16.73 0.72
2446036.6871 13.31 0.72
2446364.8450 17.77 0.88
2446372.9005 15.59 1.12
2446372.9228 16.22 1.24
2446373.8358 14.67 0.87
2446373.8579 14.42 0.78
2446389.7204 14.29 0.89
2446745.7226 16.84 0.89
2446776.6847 17.11 0.96
2447073.8547 17.04 0.91
2447075.8694 17.52 1.03
2447127.6702 18.56 0.67
2447437.9696 17.37 0.99
2447459.8820 17.52 0.85
2447493.8078 16.56 1.11
2450800.8925 17.69 1.23
2451857.9903 12.89 0.77
2451892.9003 11.85 0.87
2452238.8859 15.32 0.88
2452306.7482 15.00 0.96

HBC 376, 04 18 51.7 +17 23 17
2450800.8820 14.38 1.88
2450826.7749 17.64 2.39
2451448.8790 19.30 3.87
2451564.7135 19.16 4.40
2451857.9758 15.14 3.38
2452238.9157 9.71 241
2452276.7049 17.02 2.84

HBC 397, 04 32 09.3 +17 57 23
2446422.6583 12.78 1.78
2446429.7171 15.64 1.36
2446448.8185 20.60 0.89
2446727.9328 17.45 1.37
2447075.8032 18.66 0.96
2447162.8001 13.74 1.24
2447200.6697 18.50 1.02
2447492.8333 17.85 1.31
2447513.7117 17.35 0.80
2447518.7390 15.32 1.26
2447519.7218 18.24 1.50
2447543.6686 18.64 1.19
2447544.6101 17.99 0.98
2447546.5925 17.35 0.76
2447555.6624 18.65 1.17
2447578.6982 17.14 0.72
2447790.9996 16.96 1.69
2447791.9048 17.51 1.99
2447791.9158 18.62 1.27
2447810.9601 17.43 1.18
2447822.8268 17.68 1.22
2447837.7570 19.73 0.96
2447840.7576 17.50 1.00
2447868.9142 19.28 1.26
2448201.8573 18.05 1.18
2450771.7253 18.25 1.12
2450800.9133 20.32 1.15
2451856.8612 18.21 1.73
2451892.9256 15.56 1.36

TABLE 5—Continued

Telescope®

HJD

Vrad

HBC 399, 04 32 14.6 +18 20 15

2447080.9051 16.99 1.26

2447494.7465 10.12 1.62

2447523.6435 15.01 1.25

2447543.6380 12.64 0.98

2447546.5740 13.25 1.20

2447555.6444 15.33 1.18

2447578.7183 12.93 1.16

2447791.0132 13.57 1.48

2447791.9270 12.40 1.73

2447810.9103 15.09 1.78

2447815.9393 15.03 0.93

2447822.0319 13.59 1.53

2447822.8015 13.80 118

2447837.7952 18.76 1.75

2447896.5783 14.07 0.92

2447903.6639 13.25 1.87

2449707.7556 14.56 1.23

2450771.7387 16.94 1.03

2450800.9211 18.05 1.07

2451856.8756 16.67 1.77
HBC 400, 04 32 15.8 +18 01 39
S 2446689.974 1.83
3291
S 2447815.982 36.00
—0.42
S 2447819.029 25.71
9.05
S 2447837.742 6.59
30.28
S 2447840.745 335
3275
S 2447842.785 3473
1.20
S 2447843.864 21.15
11.66
S 2447844.835 045
35.66
S 2447846.862 35.17
~1.20
S 2447847.816 19.63
15.59
S 2447868.898 7.23
28.13
S 2447869.776 30.61
3.70
S 2447870.827 29.53
5.67
S 2447871.720 227
32.89
S 2447878.787 24.59
12.93
S 2447900.700 27.17
10.16
S 2450771.755 8.32
23.23
HD 283759, 04 36 49.1 +24 12 59

2450804.6480 30.33 3.91

2450826.8184 28.80 1.71

2450846.5512 32.54 231

2451622.6105 31.13 1.26

2451856.8481 33.99 1.61

24522377810 32.25 1.60




TABLE 5—Continued

Telescope® HID

Vrad

HBC 419, 04 39 17.8 +22 21 04

2447523.6647 14.50 1.61
2447838.7962 14.89 0.77
2447897.7448 18.17 0.77
2447901.5863 16.51 0.75
2449707.7419 13.85 0.80
2450771.7864 15.87 0.89
2450799.9421 15.47 1.70
2450826.8252 17.65 0.60
2451564.7285 17.21 0.90
HBC 426, 04 55 37.0 +30 17 55
2447524.6653 1391 0.78
2447838.8058 16.16 0.69
2447897.5990 14.23 1.09
2447899.5793 15.34 0.85
2448169.9607 14.13 0.88
2448194.9725 14.30 0.65
2448910.8106 13.07 0.91
2448940.9245 12.44 1.05
2448968.8477 13.52 1.02
2448988.7914 15.98 1.21
2449058.6019 14.03 1.27
2449707.8448 14.21 1.21
2450771.7518 15.01 1.27
2450826.8310 14.24 0.95
2450846.5240 13.85 0.85
2450889.6084 12.71 1.08
2451102.8114 13.85 0.86
2451186.6841 14.74 1.01
2451622.6240 13.23 0.77
2451856.8399 13.61 1.03
2452240.8069 14.17 0.93
2452276.6343 13.34 1.09
HBC 79, 04 55 59.3 +30 34 02
2444916.9578 14.62 2.40
2444916.9920 14.37 2.20
2444917.0205 13.17 2.30
2444918.0203 14.80 1.16
2444919.0329 16.34 1.73
2444920.0273 12.69 3.50
2445630.0332 17.00 1.13
2445709.7597 16.08 0.88
2445719.7802 15.40 1.60
2445983.9992 11.50 1.09
2445987.0179 15.61 2.21
2446013.0338 15.21 0.67
2446037.9347 13.79 2.26
2446724.0267 13.72 1.34
2446745.9908 17.23 1.94
2450771.7639 15.30 1.71
2450804.7085 18.27 1.54
2450826.8354 15.59 1.08
2450846.5089 15.11 1.37
2451856.7868 12.57 2.92
2452657.7439 11.69 2.55

2300

TABLE 5—Continued

Telescope®

HJD

Vrad

HBC 427, 04 56 02.2 +30 21 04

2446421.7465
2446428.6908
2446451.6493
2446728.8723
2446775.7779
2446804.6601
2447045.0072
2447075.8235
2447080.8802
2447127.8693
2447138.7851
2447157.5923
2447192.6570
2447198.6334
2447427.9813
2447492.8084
2447546.5819
2447576.6672
2447791.0070
2447818.8031
2447837.7737
2447868.9265
2447899.5658
2447928.6599
2447957.6174
2447965.6088
2448168.9077
2448194.9668
2448284.7374
2448635.7208
2448669.5846
2448675.6737
2448697.6310
2448875.9712
2448901.9111
2448910.8050
2448931.9191
2448970.8279
2448988.7715
2449030.7092
2449056.6039
2449235.0189
2449258.9979
2449290.8841
2449316.8181
2449318.8321
2449379.6723
2449652.0325
2449706.8549
2450000.9524
2450029.9190
2450087.7501
2450173.5381
2450771.7773
2450771.7981
2450799.9570
2451563.5879
2451570.4936

4.56

5.20

3.36
11.83
13.25
13.96
18.02
18.83
17.74
19.09
19.04
19.33
18.96
20.23
19.56
19.40
19.57
19.04
16.72
18.64
16.75
17.50
17.75
1591
17.46
17.40
15.87
15.12
14.42
11.46
11.11
11.47
10.35

6.10

5.32

6.33

6.80

428

5.36

3.79

3.44
11.18
12.19
13.24
13.11
13.72
14.64
18.02
18.02
19.24
18.76
18.52
19.54
16.52
14.70
14.97

2.17

5.60

0.48
0.59
0.46
0.74
0.58
0.62
0.58
0.48
0.64
0.56
0.50
0.57
0.60
0.70
0.82
0.61
0.57
0.74
0.63
0.95
0.49
0.56
0.44
0.48
0.50
0.51
0.56
0.50
0.57
0.43
0.44
0.49
0.59
0.56
0.55
0.52
0.50
0.63
0.52
0.56
0.51
0.48
0.47
0.42
0.58
0.58
0.66
0.48
0.55
0.49
0.54
0.48
0.93
0.64
0.42
0.61
1.25
0.74



TABLE 5—Continued

Telescope® HID Vrad

HBC 429, 05 03 06.6 +25 23 20

2447080.9202 19.90 1.23
2447494.7730 14.04 0.76
2447523.6782 19.11 0.98
2447543.6474 15.75 0.78
2447555.7002 17.06 0.82
2447791.9351 14.89 0.86
2447810.9199 16.74 0.86
2447816.8702 19.78 0.95
2447822.8656 17.62 0.56
2447837.7836 18.55 0.86
2447841.8150 17.23 1.03
2447844.7475 17.31 0.72
2447896.5891 18.51 0.93
2449354.7092 17.94 0.75
2449355.6827 18.11 0.86
2449412.6686 21.17 1.01
2449706.8396 15.84 0.64
2450771.8211 17.43 1.02
2450799.9063 16.78 0.75
ScoPMS 21, 16 01 25.6 —22 40 40
2446565.7987 —6.10 0.58
2446872.9759 —535 0.57
2447280.8999 —6.32 0.67
2447546.0640 —6.57 0.57
2447668.7598 —5.34 0.65
2448017.9006 —6.98 0.53
2448783.7622 —6.66 0.69
2448873.6153 —7.62 0.69
2450884.9736 —5.14 0.77
2450914.9773 —7.64 0.60
2450967.7585 —5.98 0.68
HBC 630, 16 11 08.9 —19 04 46
2446450.0523 —22.16 0.58
2446565.7460 —14.56 0.91
2446567.7418 —15.50 1.31
2446815.0395 3.37 0.85
2446872.9608 —19.53 1.59
2446927.9406 7.29 1.12
2446931.9244 8.29 0.87
2446932.9444 7.53 0.93
2446933.8887 9.40 0.99
2446949.8280 3.39 1.69
2446953.8195 2.85 0.86
2446958.8022 1.49 0.98
2446960.7231 2.78 1.26
2446989.7004 —10.99 1.43
2446995.7235 —11.30 1.72
2447045.6136 —12.63 1.14
2447050.6094 —4.83 1.71
2447076.5912 4.94 1.29
2447217.0360 4.52 1.38
2447220.0437 7.16 1.36
2447221.0493 12.62 1.21
2447248.9587 —0.62 0.90
2447249.9939 —0.80 1.12
2447252.9947 1.73 1.10
2447253.9972 —0.05 1.16
2447280.8632 —12.08 1.43
2447309.6594 —22.61 1.05
2447335.7705 —12.44 1.03
2447338.7911 —8.54 0.97
2447344.7444 —2.47 1.03
2447630.9424 =5.15 1.08

2301

TABLE 5—Continued

Telescope® HID Vrad

HBC 633, 16 11 59.2 —19 06 52

2450884.9643 —14.80 1.56
2450914.9535 —21.32 0.92
2450968.8033 —10.57 0.88
2450969.7958 4.10 1.09
2450972.8032 —0.80 1.27
2451352.7995 —17.50 0.76
2451359.7239 —13.27 1.71
2451593.0506 —7.25 1.08
2451619.9856 —15.64 0.77
2451622.9551 —19.92 0.80
2451647.9826 8.11 0.80
2451649.9118 —7.04 0.74
2451650.8971 —13.49 0.68
2451654.8687 —12.45 0.54
2451684.8177 —18.72 0.81
2451685.8747 —15.86 0.77
2451686.8167 —4.43 1.02
2451709.7153 6.25 0.97
HBC 636, 16 25 49.7 —24 51 31
2446955.8539 —5.03 0.58
2447309.8224 —5.47 0.50
2447669.8123 —4.34 0.50
2448046.7901 —4.77 0.42
2448402.9038 —4.18 0.63
2448784.7692 —5.07 0.40
2450967.7744 —5.21 0.66
2451354.7430 —6.45 0.65
2451650.9345 —5.66 0.69
2451685.8282 —5.42 0.65
2452072.8065 —5.21 0.69
2452364.9591 —5.86 0.77
2452365.0137 -5.99 1.02
HBC 637, 16 26 03.1 —24 23 36
T 2451353.7793 —14.84 222
J T 2451360.6986 —0.49 7.28
T 2451685.8518 1.13 2.16
T 2451686.8346 6.43 3.64
T 2451709.8073 —7.60 1.98

Note.—Units of right ascension are hours, minutes, and
seconds, and units of declination are degrees, arcminutes,
and arcseconds. Table 5 is also available in machine-
readable form in the electronic edition of the Astronomical

Journal.

? T = Tillinghast Reflector, M = MMT, W = Wyeth

Reflector.

TABLE 6

MEeaN VELocITIES FOR OUR STAR-FORMING REGIONS

(vraa) £ 0 rms
Sample (km s~ (kms™")  Ngus Reference
Tau-Aur Cycle 6.............. +15.89 £ 0.41 1.30 10 1
Tau-Aur Cycles 6 & 4..... +16.28 £+ 0.30 1.26 18 1
Tau-Aur CTTSs........c....... +17.40 £ 0.33 2.13 41 2
Tau-Aur LkCa CTTSs..... +15.70 £+ 0.33 0.94 8 3
Tau-Aur WTTSs . 11623 £0.53 2.85 29 4
Oph Cycle 6.......ccuoueeee. —6.03 £ 0.48 1.08 5 1

REererReNcEs.— (1) This paper; (2) Hartmann et al. (1986); (3) Hartmann

et al. (1987); (4) Walter et al. (1988).
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TABLE 7
JourNAL oF Hubble Space Telescope OBSERVATIONS

Star Alias D VA AZon J H K

HBC 374.............. V1023 Tau 2451189.61 9.15 —-0.37 8.52 7.60 7.28
2451257.26 9.11 —0.38

HBC 376.............. V1069 Tau 2451170.21 10.30 —0.13 9.94 9.33 9.19
2451171.13 10.23 —0.15

HBC 397.............. V1075 Tau 2450773.14 9.94 —-0.20 9.72 9.04 8.85
2450776.23 9.81 -0.24

HBC 419.............. V1079 Tau 2450786.25 9.71 —0.30 9.43 8.59 8.18
2450813.87 9.64 —0.31

HBC 426.............. V396 Aur 2451112.36 9.06 —0.41 8.86 8.31 8.18
2451113.36 9.10 —0.41

HBC 427.............. V397 Aur 2451558.22 9.30 -0.37 8.95 8.29 8.13
2451279.65 9.25 —0.38

HBC 400.............. V826 Tau 2451179.14 9.49 —0.33 9.16 8.47 8.25
2451206.75 9.46 -0.33

HBC 399.............. V827 Tau 2451175.25 9.83 —0.24 9.11 8.43 8.14
2451206.82 9.51 —0.30

HBC 429.............. V836 Tau 2450761.23 10.37 —0.11 9.84 9.05 8.75
2450765.28 10.12 —0.18

HBC 79....cccevuene SU Aur 2451175.18 7.22 —1.28 7.19 6.53 5.98
2451280.65 7.17 —1.28

HD 283759 .......... 2450773.28 8.81 —0.45 8.70 8.42 8.32
2450775.22 8.84 —0.45

ScoPM S21 .......... V1152 Sco 2450850.40 9.60 —0.30 9.31 8.69 8.49
2450867.41 9.60 —0.30

HBC 630.............. V1000 Sco 2450678.79 9.13 -0.37 8.66 7.92 7.68
2450716.91 9.15 -0.37

HBC 633.............. V1001 Sco 2450674.76 9.45 -0.29 8.94 8.30 8.08
2450710.92 9.45 -0.29

HBC 637.............. V2246 Oph 2451238.22 9.03 —0.44 8.11 6.87 6.22
2451251.39 9.05 —0.44

was then used to estimate the expected signal for the centers of
the saturated target images based on the signal measured for
them in their 7-10.8 pixel annulus. The saturation corrections
ranged from —0.11 mag for V836 Tau to —1.28 mag for SU Aur.
The case of SU Aur is also problematic because of the nebulosity
around the star.

A journal of the HST observations and the fully corrected
Z magnitudes for each roll angle are presented in Table 7, to-
gether with the saturation correction AZ, and J, H, and K
magnitudes from the 2MASS catalog. For the target stars the
accuracy of the Z magnitudes is not limited by photon noise but
rather by systematic errors, for example, errors in the saturation
corrections resulting from telescope breathing and errors in the
transformation to a standard Z magnitude system. The scatter in
the saturation corrections is on the order of 0.02 mag, and the
photon noise in the Z magnitude for HBC 633/1, the star used to
calibrate the saturation correction, is on the order of 0.01 mag.
Unless there are other systematic errors that contribute signif-
icantly, the relative photometry between roll angles should be
good to better than 0.03 mag. In a few cases the Z magnitudes
for the two different roll angles differ by more than 0.1 mag,
presumably because of variations in the intrinsic brightness of
these young stars.

3.2. Photometry and Astrometry of Nearby Objects

We searched all our subtracted images for evidence of faint
nearby objects to our target stars, but none were detected at
angular separations of less than 4”, corresponding to a projected
separation of 600 AU at the distance to the Taurus-Auriga and
Ophiuchus star-forming regions. A total of 19 nearby objects

were found at larger separations, as reported in Table 8. Their
Z magnitudes were determined with the same procedures as
for the targets, except no saturation corrections were needed.
The photometric errors quoted in Table 8 include contributions
both from photon statistics and from background corrections.
We measured the positions of the nearby objects using the
IRAF task xy2rd. The values of right ascension and declination
reported in Table 8 were calculated using the information pro-
vided in the image headers and should be accurate to about 0”5.
The separations between the nearby objects and their primaries
are much more accurate and should be good to about 0.2 pixels,
or 0701. Position angles, 6, are measured from north through
east.

Seven of our nearby objects have corresponding entries in the
2MASS catalog, five have corresponding entries in the USNO-
B1.0 catalog (Monet et al. 2003), and two appear in both cata-
logs. These matches are reported in Table 9, where the positions
and photometry are from the 2MASS and/or USNO-B1.0 cata-
logs. The positions in the K versus J — K color-magnitude dia-
gram for the three faint nearby objects with somewhat reliable
photometry in the 2MASS catalog are plotted in Figure 3 (squares),
along with all our targets (triangles). The solid line shows the
main sequence as reported in Cox (2000).

HBC 397/1 is identified in the 2MASS catalog but has un-
reliable photometry. The J and H magnitudes are flagged as
background contaminated, and K is flagged as an upper limit
nondetection. Thus, the 2MASS photometry provides little use-
ful information about the nature of this object.

HD 283759/1 is identified in the 2MASS catalog. The 2MASS
photometry places HD 283759/1 below the main sequence. It can
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TABLE 8
FaINT NEARBY OBJECTS TO THE TARGET STARS
R.A. Decl. p 0

Star (J2000) (J2000) V4 oz (arcsec) o, (deg) oy
HBC 397/1.....cccuee. 04 32 09.64 +17 57 26.5 15.93 0.02 7.20 0.01 54.19 0.08
HBC 426/1................. 04 55 36.61 +30 17 55.4 19.20 0.40 4.31 0.01 279.02 0.13
HBC 426/2................. 04 55 36.38 +30 18 04.0 14.16 0.01 11.75 0.01 322.50 0.05
HBC 426/3................. 04 55 35.63 +30 17 50.2 14.58 0.01 17.65 0.01 254.68 0.03
HBC 427/1..... 04 56 02.73 +30 21 04.0 17.45 0.06 9.12 0.01 91.68 0.06
HD 283759/1. 04 36 48.20 +24 12 52.6 12.97 0.01 14.21 0.01 241.17 0.04
HBC 429/1..... 05 03 07.18 +25 23 16.2 18.50 0.14 8.92 0.01 108.74 0.06
ScoPMS 21/1 16 01 25.85 —22 40 35.6 17.20 0.06 6.16 0.01 37.78 0.09
ScoPMS 21/2.............. 16 01 25.10 —22 40 34.7 18.20 0.18 9.39 0.01 307.94 0.06
ScoPMS 2173 ............. 16 01 25.58 —22 40 38.0 17.34 0.06 9.86 0.01 75.20 0.06
ScoPMS 21/4 ............. 16 01 24.58 —22 40 37.5 16.45 0.03 14.50 0.01 282.23 0.04
ScoPMS 21/5. 16 01 24.52 —224035.4 17.44 0.06 15.79 0.01 289.10 0.03
ScoPMS 21/6. 16 01 24.54 —22 40 32.6 18.07 0.16 16.66 0.01 298.55 0.03
ScoPMS 21/7. . 16 01 25.78 —22 40579 15.89 0.02 17.56 0.01 170.96 0.03
HBC 630/1................. 16 11 08.62 —19 04 56.3 19.00 0.30 10.01 0.01 204.17 0.06
HBC 633/1.....cccuu... 16 11 59.21 —19 06 55.7 11.58 0.01 341 0.01 192.60 0.17
HBC 633/2................. 16 11 59.06 —19 06 46.0 17.31 0.06 6.91 0.01 335.24 0.08
HBC 633/3...cccueueee. 16 11 58.91 —19 07 01.5 18.24 0.10 10.37 0.01 208.28 0.05
HBC 633/4................. 16 12 00.22 —19 06 48.0 18.43 0.15 14.33 0.01 72.66 0.04

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.

easily be explained as a hot background star in the spectral type
range F—B and at the corresponding distances ranging from 2 to
5 kpe, assuming the extinction law illustrated by the vector for
7 kpc in Figure 3.

HBC 426/2 is identified in the 2MASS catalog. It also lies
below the main sequence, but it is too blue and too faint to be
explained as a reddened main-sequence star. The J — H and
H — K colors from 2MASS are consistent with this star being
a relatively nearby white dwarf (Wachter et al. 2003). All three
of the 2MASS magnitudes are flagged as background contam-
inated, but the quoted errors are small enough to allow this
interpretation.

HBC 426/3 is identified in the 2MASS catalog. It also lies
below the main sequence but is brighter and redder than
HBC 426/2. It could easily be a cool background star. The
J magnitude is flagged as background contaminated, but the
quoted error is small.

HBC 427/1 is identified in the USNO-BI1.0 catalog but
does not appear in the 2MASS catalog. For our observed Z =
17.45 mag, the Burrows et al. (1997) models predict that a sub-
stellar object would have a K magnitude close to the limit of the
2MASS catalog, so the nondetection by 2MASS is not con-
clusive. The detection at B and R reported by the USNO-B1.0
gives strong evidence that the object is stellar and therefore in
the background.

HBC 429/1 is identified in the USNO-B1.0 and is also too
faint to appear in the 2MASS catalog. Our Z value is similar to
the photographic R1 and R2 magnitudes listed in the USNO-
B1.0, so this is probably a fairly hot star in the background.

ScoPMS 21/4 is identified in the 2MASS catalog. The J and
H magnitudes are flagged as background contaminated, and K
is flagged as an upper limit nondetection. ScoPMS 21/4 is also
identified in the USNO-B1.0 catalog. Our Z value is only half
a magnitude brighter than the average of Bl and B2, so this is

TABLE 9
NEearBY OBJECcTs WiTH 2MASS anp USNO-B1.0 MATCHES

R.A. Decl.
Star (J2000) (J2000) J H K Bl R1 B2 R2 Ref.

HBC 397/1.....ccueuee. 04 32 09.64 +17 57 26.3 15.13 14.72 12.15 1
HD 283759/1 04 36 48.21 +24 12 51.9 12.55 11.99 11.80 1
HBC 426/2................. 04 55 36.42 +30 18 04.4 13.89 13.51 13.44 1
HBC 426/3................. 04 55 35.67 +30 17 50.5 14.01 13.41 13.09 1
HBC 427/1.....cou.. 04 56 02.56 +30 21 02.8 19.07 19.55 2
HBC 429/1................. 05 03 07.11 +25 23 17.8 18.80 17.96 2
ScoPMS 21/4 ............. 16 01 24.61 —22 40 36.9 16.14 15.78 14.95 1

16 01 24.68 —22 40 37.6 17.42 16.15 16.64 15.65 2
ScoPMS 21/5 ............. 16 01 24.62 —22 40 35.7 15.25 18.27 2
ScoPMS 21/7 ............. 16 01 25.82 —22 40 57.8 15.65 14.88 14.84 1

16 01 25.80 —22 40 56.9 19.00 17.67 18.46 17.22 2
HBC 633/1................. 16 11 59.23 —19 06 56.3 9.15 8.47 8.34 1

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.

REererENCEs.— (1) 2MASS; (2) USNO-BL1.0.
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Fic. 3.—The K vs.J — K color-magnitude diagram for our targets (triangles)
and three faint nearby objects (squares). The arrow illustrates the reddening
vector expected for stars at a distance of 7 kpc.

probably a background star. This interpretation is not inconsis-
tent with the 2MASS photometry.

ScoPMS 21/5 is identified in the USNO-B1.0 and is also
too faint to appear in the 2MASS catalog. The B2 value
reported in the USNO-B1.0 is a couple of magnitudes brighter
than our Z magnitude, suggesting that this is not a cool sub-
stellar object.

ScoPMS 21/7 is identified in the 2MASS catalog. The J and
H magnitudes are flagged as upper limit nondetections, and K
is flagged as background contaminated. ScoPMS 21/7 is also
identified in the USNO-B1.0. The photographic colors to-
gether with our Z magnitude suggest a K star, but this object
is too faint to be at the distance of the Ophiuchus star-forming
region. This interpretation is not inconsistent with the 2MASS
photometry.

HBC 633/1 is the relatively bright object only 3741 away
from HBC 633. It is identified in the 2MASS catalog, but the
photometry is unreliable because of its proximity to HBC 633.
The separation is almost as small as the nominal 2MASS reso-
lution of about 2”6 FWHM. HBC 633/1 shows a slightly asym-
metrical profile that is consistent with a binary composed of two
similar components at a separation of about 0705 and a position
angle of 179° + 5°. HBC 633 itself is a close binary with a sepa-
ration of about 0”2 and K magnitude difference of 1.5 (Ghez et al.
1993). We do see a hint of an asymmetry in our subtracted image
for HBC 633 at a position angle of roughly 160°, consistent with
the value of 164° reported by Ghez et al. (1993). ITHBC 633/1 is
physically associated with HBC 633, then this system is at least
quadruple.

Nine of our faint nearby objects have no matches in the
USNO-B1.0 or 2MASS catalogs. To escape detection by the
USNO-B1.0, they must be very red. On the other hand, to es-
cape detection by 2MASS, the color cannot be too red. The lim-
its depend on the observed Z value. For example, for ScoPMS
21/1 to escape 2MASS detection, its Z — K color cannot be
redder than about 1.7 mag. The Burrows et al. (1997) models
predict that young substellar objects are almost always redder
than Z — K = 1.7. Thus, ScoPMS 21/1 is unlikely to be a free-
floating young object. A similar conclusion applies to ScoPMS
21/3 and HBC 633/2.

Thus, there is no compelling evidence that any of our faint
nearby objects are substellar companions to our target stars.
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Fic. 4—Absolute Z-magnitude detection limits for HBC 637 (upper curve)
and HBC 429 (lower curve). The absolute magnitudes for objects with masses
of 10M; and 20Mj and ages of 3 Myr are labeled.

However, seven of our faint nearby objects (when HBC 391/1 is
included) remain as candidate young substellar objects.

4. DETECTION LIMITS FOR FAINT NEARBY OBJECTS

We used simulated images to evaluate the limiting magni-
tude for the detection of a faint nearby object as a function of
angular separation from its primary star. Artificial nearby ob-
jects were injected into real images for appropriate ranges in
separation and brightness. The artificial nearby objects were gen-
erated by scaling the image of HBC 400. We searched our sim-
ulated images for detectable nearby objects in the same way as
the real images. At separations larger than about 1” the limiting
apparent magnitude for the detection of faint nearby objects is
about Z = 19.5 mag, independent of the brightness of the tar-
get. At smaller separations the brightness of the primary star
becomes the dominating factor, and the detection limit depends
on its brightness. This is illustrated in Figure 4, where the upper
curve is the result of our simulations for HBC 637, absolute Z =
3.15 mag, and the lower curve is for HBC 429, absolute Z =
4.49 mag. For small separations the two curves have the same
shape and are simply separated by the magnitude difference be-
tween the two stars. All of our other targets are brighter than
HBC 429, so the lower curve represents our best performance.
For our simulations we oriented our artificial objects so that
they were located halfway between the diffraction spikes. Near
the diffraction spikes our detection limit degrades by as much as
a magnitude, and even more for very small separations. Inside
a radius of about 0”2, the subtracted images show residual in-
strumental speckles that are brighter than any possible substel-
lar companions, so we did not try to simulate separations smaller
than that. Our limiting detectable magnitude difference as a
function of separation over the range 072—1" is similar to that
reported by Sartoretti et al. (1998). We chose to plot absolute
(instead of apparent) Z magnitudes in Figure 4 (assuming a dis-
tance of 150 pc) to make it easier to compare our detection limits
with theoretical models. As an example, we indicate the absolute
Z magnitudes for objects with masses of 10/} and 20/} and
ages of 3 Myr in Figure 4.

We estimated the masses and ages of each of our targets for
the luminosities and effective temperatures reported in Table 1
using four different sets of models for pre—main-sequence stars:
D’Antona & Mazzitelli (1997, hereafter DM97), Baraffe et al.
(1998, hereafter B98), Palla & Stahler (1999, hereafter PS99),
and SDFO00. The results are reported in Table 10 and show the
well-known trend for the DM97 models to predict younger ages
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TABLE 10
Mass AND AGE ESTIMATES

B98 PS99 SDF00 DM97
STAR log ¢ M log ¢ M log ¢ M M, log ¢ M M,
HBC 374....cccccvvne 5.8 0.8 6.0 0.8 6.1 0.7 3 5.5 0.4 1
HBC 376..... 6.8 0.9 6.7 0.8 6.9 0.8 7 6.5 0.7 4
HBC 397..... 6.6 0.8 6.5 0.8 6.7 0.8 5 6.4 0.6 4
HBC 399..... 6.2 0.8 6.4 0.9 6.3 0.7 3 6.0 0.5 2
HBC 400a... 6.7 0.9 6.7 0.8 6.8 0.8 6 6.4 0.6 4
HBC 400b.................. 6.9 0.9 6.8 0.8 6.9 0.8 7 6.5 0.7 4
HBC 419 6.5 1.1 6.7 1.2 6.7 1.1 5 6.2 0.7 3
HBC 426 7.0 1.3 7.0 1.3 7.2 1.3 11 6.8 1.4 6
HBC 79....coirne. 6.3 2.0 6.6 2.1 5 6.3 2.1 3
HBC 427....ccccvvcnne. 6.2 0.8 6.4 0.9 6.3 0.7 3 6.0 0.5 2
HBC 429..... 6.7 0.9 6.7 0.8 6.7 0.8 5 6.4 0.6 4
ScoPMS 21. 7.2 1.2 7.4 1.1 7.3 1.1 12 7.0 1.2 8
HBC 630..... .. . 6.8 1.3 6.8 1.5 6 6.3 1.3 3
HBC 633..... 7.1 1.2 7.2 1.2 7.3 1.2 12 6.9 1.3 7
HBC 636..... 6.5 0.7 6.1 0.7
HBC 637....cccceuenne. 6.5 1.7 6.2 2.8 3 5.8 2.8 2

and smaller masses than the other three sets of models. In
Table 10 the columns labeled log ¢ give the target age in log years,
and columns labeled M give the stellar mass in solar masses.

We then used our detection limit of apparent Z ~ 19.5 mag,
corresponding to an absolute Z ~ 13.6 mag for an assumed
distance of 150 pc, to estimate the limiting mass of any physical
companion that we could detect. This limit applies to angular
separations larger than about 1”, for which the brightness of the
primary is no longer important. We assumed that any physical
companion would have the same age as its primary. For the ex-
pected thermal emission from a possible companion, we used
the absolute Z magnitudes predicted by the evolutionary tracks
for young substellar objects from Burrows et al. (1997). Adam
Burrows kindly calculated for us the absolute Z magnitude for
the HST W1042 passband as a function of age, as shown in
Figure 5, so that we could use their evolutionary tracks. These
limiting masses are reported in Table 10 for the DM97 and
SDFO00 models in the columns labeled M, and are generally in
the range of a few Jupiter masses.

5. DISCUSSION

For our Cycle 4 search for substellar companions with the
PC2 (Sartoretti et al. 1998), we used the / band and a strategy of
multiple exposures on a grid of nine spacecraft pointings before
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Fic. 5.—Absolute Z magnitude vs. mass as a function of age for the Burrows
et al. (1997) models.

readout. For our Cycle 6 observations reported in this paper, we
moved to the Z band, motivated by a new and better under-
standing of the spectra of very cool objects and the fact that
their emission is dramatically higher than a blackbody in re-
gions of low opacity, such as the Z band. To compensate for the
much lower sensitivity of the PC2 in the Z band, we changed to
a strategy of four exposures with 400 s of integration time each.
This eliminated the heavy penalty of overhead time needed to
point HST to a grid of positions in our Cycle 4 strategy, in effect
converting that overhead into integration time. Although the
limiting apparent magnitude for separations outside 1” was not
asdeep in Cycle 6, Z ~ 19.5 mag compared with / ~ 21.5 mag,
the limiting detectable mass of a substellar companion was ac-
tually better than in Cycle 4. Because the effective wavelength
of the Z band is about 20% longer than that of the / band, the
PSF in the Z band is about 20% broader. However, this penalty
against the detection of substellar companions close to the par-
ent star is more than offset by the much better contrast between a
cool companion and its hotter parent star in the Z band, typically
a gain of about 2 mag, leading to a mass detection limit that was
about a factor of 2 better in Cycle 6.

In the selection of targets for Cycle 6, we tried to identify the
youngest weak-lined T Tauri stars that also met our other selec-
tion criteria. As a result the Cycle 6 targets are about a factor of
2 younger than the Cycle 4 sample. However, we did not realize
this gain in the final ages adopted for our Cycle 6 targets, be-
cause we moved to the new generation of pre—main-sequence
models, which tend to predict ages that are about a factor of 2
older than predicted by the DM97 models used for our Cycle 4
targets. Although the mass detection limits that we quote for our
Cycle 6 observations in this paper do not look much better than
the limits reported for Cycle 4, they are actually at least a factor
of 2 better if the same models are used to estimate the ages.

Between the Cycle 4 and Cycle 6 projects, we have now
probed for substellar companions around 24 WTTSs. At pro-
jected separations larger than about 500 AU (assuming a distance
of 150 pc to the Taurus-Auriga and Ophiuchus star-forming re-
gions), we have detected almost three dozen faint objects. Many
of these have been detected in other surveys and can be ex-
plained as background stars, but a few of them lack the infor-
mation needed to pinpoint their nature and could conceivably
prove to be free-floating substellar members of their star-forming
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regions. At separations smaller than 500 AU, we have detected
several nearby objects but no substellar companions.

Previous surveys have led to the identification of four brown
dwarf companions to young stellar objects at separations rang-
ing from 100 to 250 AU: TWA-5B (Lowrance et al. 1999; Webb
et al. 1999; Neuhduser et al. 2000) with a separation of 110 AU
and an estimated mass of about 20M;, HR 7329B (Lowrance
et al. 2000; Guenther et al. 2001) at 200 AU and 40M;, GSC
08047-00232 (Chauvin et al. 2003, Neuhduser & Guenther
2004) at about 250 AU and 25M;, and GG Tau Bb at 207 AU
and 44M,. Based on the sample of 79 young stellar objects
surveyed for the first three detections, Neuhduser & Guenther
(2004) estimate that the frequency of brown dwarf compan-
ions with separations larger than 50 AU is 6% =+ 4%. Our PC2
images are sensitive enough to detect brown dwarfs over these
separations, but we detected none. This null result by itself im-
plies that the frequency of such brown dwarf companions must
be less than 21% at the 3 o level. Thus, there is weak evidence
from the imaging surveys that the brown dwarf desert found
by the Doppler surveys does not extend out past separations of
50 AU and stronger evidence that the desert does not extend
out past 1000 AU (Gizis et al. 2001). At the present time little is
known about the intermediate range, 5—-50 AU.

Despite the low sensitivity of the PC2 in the Z band, we did
gain about a factor of 2 in our mass detection limit compared
with our earlier observations with the same instrument in the
Iband. Are there further gains to be won by moving further into
the infrared, say, to the J, H, or K bands? We were surprised to
discover that the Z band delivers better contrast than the longer
bands for companions in the mass range 3M;—10M; and almost
as good contrast for lower masses, on the basis of the predicted
absolute magnitudes provided to us by A. Burrows. When the
advantage of a narrower PSF at the Z band is taken into account,
it looks like Z may prove to be the preferred band for the iden-
tification of candidate substellar companions at small separa-
tions. Of course, additional photometry in the longer bands can
be critical for the interpretation of such candidates.

When we first started thinking about the detection of sub-
stellar companions around young stars more than 10 yr ago, not
much was known about samples of young stars less distant than
150 pc. Recent work has disclosed several loose associations
of moderately young stars, with a typical age of 10 Myr and at
a typical distance of 50 pc. Although the older ages of these
targets would degrade the mass detection limit, the closer dis-
tances would improve the limiting separation by a factor of about
3. Thus, young stars in these associations may merit deep high-
resolution imaging in a search for substellar companions (Webb
etal. 1999; Lowrance et al. 1999; Neuhiuser et al. 2002, 2003).

5.1. Comments on Specific Targets
5.1.1. HD 283759

In § 2.2.3 we presented compelling evidence that the radial
velocity of HD 283759 excluded it from being a member of the
Taurus-Auriga star-forming region. New proper motions from
the UCAC catalog provide additional evidence that HD 283759
is not a member. Our other nine targets in Taurus-Auriga have a
mean proper motion in right ascension of 5.4 mas yr—! and rms
deviations of 4.1 mas yr—!. The corresponding proper motion of
HD 283759 is 42.9 mas yr~!, which differs by more than 9 o.

5.1.2. HBC 79 = SU Aur

Our Z-band image of HBC 79 shows elongated nebulosity
with an aspect ratio of roughly 2:1 oriented at a position angle
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of about 300°. The nebulosity is asymmetrical, extending mostly
toward the west. It is clearly visible out to at least 5” separation
from the star.

We derived a temperature of 5523 K for HBC 79 by matching
our observed echelle spectra with synthetic spectra calculated
using Kurucz models. This is considerably cooler than the tem-
perature of 5860 K that Kenyon & Hartmann (1995) report for
this star on the basis of spectral type. A recent spectroscopic de-
termination of the temperature of HBC 79 (DeWarf et al. 2003)
yielded 5550 £ 100 K, very close to our result. This suggests
that our spectroscopic effective temperature and surface gravity
determinations may be better than the values derived from spec-
tral types, even though our analysis technique was designed to
optimize our radial velocities and not for the determination of
fundamental astrophysical parameters. Our cooler temperature
corresponds to an age that is a factor of 2 younger than the value
listed in Table 10.

This example illustrates the difficulty of estimating reliable
ages for young stellar objects. The uncertainties in the mod-
els are not the only problem. Observational uncertainties in the
values derived for effective temperature and luminosity (which
is sensitive to errors in the extinction and distance) can be just
as important.

5.1.3. HBC 400 = V826 Tau

Previous work on the double-lined orbit of HBC 400 in-
cludes a definitive solution by Reipurth et al. (1990) based on
CORAVEL observations. Our period of 3.887763 £ 0.000039
days is longer than their period of 3.887758 £ 0.000061 days
by only 0.000005 days, well within the errors. Our period error
is somewhat better, presumably because of the fact that our
time coverage is more than twice as long. Reipurth et al. (1990)
found that the spectral lines of one of the two stars appeared
weaker in the composite spectrum by a factor of 0.69, presum-
ably because the star was fainter. Our TODCOR analysis agrees
that the same star is the fainter one and gives a light ratio of
0.75. Contrary to Reipurth et al. (1990), we find that the fainter
star is also the less massive one, although the errors on our mass
ratio are much too large for this result to be conclusive: g =
0.997 £ 0.032. We did not assume a circular orbit but actually
solved for the eccentricity. Our result, e = 0.025 £ 0.016, is
consistent with a circular orbit.

5.1.4. HBC 427

HBC 427 was first noted to be a spectroscopic binary by
Mathieu et al. (1989) on the basis of velocities derived from
18 spectra obtained with the CfA Digital Speedometers. The
span of the observations was only 1150 days, less than the or-
bital period of 2533 days, so no orbital solution was avail-
able. The single-lined orbit reported here is based on 58 CfA
velocities spanning 5148 days. The tools that we now use to
derive velocities have evolved significantly over the interven-
ing years. For example, the use of synthetic template spectra
allows us to match the observed spectra much better, and this
has provided a significant improvement in the velocity errors,
especially for stars that are rotating rapidly. Thus, the veloci-
ties reported here supersede those reported by Mathieu et al.
(1989), even though some of them were derived from the same
spectra. The dynamical masses for the two stars in the HBC 427
system were derived by Stefan et al. (2001), using the veloci-
ties reported here for the primary together with two velocities
for the secondary derived from infrared spectra and an orbital
inclination determined using the Fine Guidance Sensor 3 on
HST.
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We are indebted to Adam Burrows for supplying the abso-
lute magnitudes from the models of substellar objects predicted
by Burrows et al. 1997. Because most of the observations with
the CfA Digital Speedometers are obtained under queue sched-
uling, many different observers contributed at the telescopes.
We thank them all: Jim Peters, Perry Berlind, Bob Mathieu,
Ed Horine, Bob Davis, Lee Hartmann, Mike Calkins, Robert
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Stefanik, Ale Milone, Joe Caruso, Larry Marschall, Joe Zajac,
Ken Croswell, and Adam Leroy. As always, we thank Bob
Davis for managing the database of observations from the CfA
Digital Speedometers. Finally, we thank the anonymous referee
for a very careful and thorough reading of our manuscript. Be-
cause of the many good inputs from the referee, this paper was
improved significantly.
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