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ABSTRACT

We present a high spatial resolution, 10–20 �m survey of 65 T Tauri binary stars in Taurus, Ophiuchus, and Corona
Australis using the Keck 10m telescopes. Designed to probe the inner�1AU region of the circumstellar disks around
the individual stellar components in these binary systems, this study increases the number of binaries with spatially re-
solvedmeasurements at 10 �m by a factor of�5. Combined with resolved near-infrared photometry and spectroscopic
accretion diagnostics, we find that�10% of stars with a mid-infrared excess do not appear to be accreting. In contrast to
an actively accreting disk system, these passive disks have significantly lower near-infrared colors that are, inmost cases,
consistent with photospheric emission, suggesting the presence of an inner disk hole. In addition, there appears to be a
spectral type/mass dependence associated with the presence of a passive disk, with all passive disks occurring around
M-type stars. The presence of a passive disk does not appear to be related to the fact that these objects are in visual bi-
nary systems; the passive disk systems span the entire range of binary separations present in the sample, and a similar
fraction of passive disks is observed in a sample of single stars. The possibility that the passive disks are caused by the
presence of an as yet undetected companion at a small separation (0.3–3 AU) is possible for any individual system;
however, it cannot account for the spectral type dependence of the passive disk sample as a whole. We propose that
these passive disks represent a subset of T Tauri stars that are undergoing significant disk evolution. The fraction of
observed passive disks and the observed spectral type dependence can both be explained by models of disk evolution
that include disk photoevaporation from the central star.

Subject headinggs: binaries: close — circumstellar matter — planetary systems: protoplanetary disks —
stars: pre–main-sequence

Online material: machine-readable tables

1. INTRODUCTION

A key component in the formation and evolution of a star and
its surrounding planetary system is believed to be the existence
and evolution of a circumstellar disk.Ample evidence for the prev-
alence of these disks has been found around the young, low-mass,
T Tauri stars, including excess emission above the photosphere
at infrared and longer wavelengths (e.g., Beckwith et al. 1990;
Sargent & Beckwith 1991), strong hydrogen emission lines in-
dicative of the accretion of disk gas onto the central star (e.g.,
Hartmann et al. 1994), and direct images that resolve the disks in
thermal emission (e.g., Dutrey et al. 1998; Guilloteau et al. 1999)
and scattered light (e.g., Burrows et al. 1996; Stapelfeldt et al.
1998).While the formation of these disks is a natural consequence
of the star formation process, the details of how they evolve are

poorly understood. The way in which the diskmaterial dissipates
has important ramifications not only for the characteristics of the
central star (e.g., rotation rate) but also for the potential for planet
formation. One particular challenge to existing theories of disk
evolution is the empirical evidence for two different timescales
in the inner region, which is probed by the infrared excess. The
first is the timescale for this inner disk region to survive as an op-
tically thick structure and is relatively long (�3 ; 106 yr on aver-
age, but up to 1 ; 107 yr for some objects; Haisch et al. 2001). In
contrast, the second is the timescale for small dust grains to be
removed from this region and appears to be significantly shorter
(�105 yr; Skrutskie et al. 1990; Skinner et al. 1991; Wolk &
Walter 1996; Stassun et al. 2001). The short transition timescale
has been a considerable problem for models of disk evolution
(e.g., Kenyon et al. 1996; Armitage et al. 1999), which generally
invoke processes that operate on the viscous timescale of the disk
(�107 yr). While theorists have recently begun to explore other
physical processes that could give rise to such a rapid disk evo-
lution (e.g., Clarke et al. 2001), the physical processes behind disk
evolution and dispersion are still much debated.
A key step to constraining the physical mechanisms respon-

sible for disk evolution is the detection of young stars with disks
that are in the process of dispersing. A number of surveys have
been conducted to search for these so-called transition objects, stars
that have disk characteristics that are intermediate between those
with clear evidence for disks and those with no disk material
(Skrutskie et al. 1990; Skinner et al. 1991; Wolk &Walter 1996;
Duvert et al. 2000; Stassun et al. 2001). Most of these surveys
take advantage of the significant difference between the near- and
mid-infrared excess emission (i.e.,K½2:2 �m� � N ½10 �m� color)
from systemswith andwithout disks, in order to establish the evo-
lutionary state of a system. However, most of this work has been
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done at low angular resolution, with the mid-infrared data primar-
ily taken from IRAS, which has a beam size of 3000 at 12 �m. At
the distance to the nearest sites of star formation (d ¼ 140 pc),
this corresponds to 4200 AU, within which most young stars
are observed to have stellar companions (e.g., Ghez et al. 1993;
Leinert et al. 1993; Simon et al. 1995). The confusion introduced
by these unresolved companions is well illustrated by the case of
V773 Tau, which is one of the two candidate evolved disks iden-
tified by Stassun et al. (2001), based on the lack of accretion and
near-infrared excess and considerable excess atmid-infraredwave-
lengths and longer.V773Tau is a quadruple system,with three stel-
lar companions within 0B3 of the primary. Duchêne et al. (2003)
show that the excess seen in V773 Tau is actually from the re-
cently discovered optically invisible, infrared-bright companion
only 0B24 away from V773 Tau A. These infrared companions
( IRCs) occur with a frequency of �10% in the T Tauri popula-
tion, a suspiciously similar frequency to the observed fraction of
transition objects in low spatial resolution surveys for evolved sys-
tems. It is clear that in order to search for transition objects around
T Tauri stars, high spatial resolution observations that resolve
the individual components in these young multiple systems are
required.

In this study we have targeted 65 binaries in the nearby star-
forming regions of Taurus, Ophiuchus, and Corona Australis in
order to resolve themid-infrared emission for each individual com-
ponent and search for the presence of transition objects. A com-
parison of disk properties between stars in binary systems and a
sample of single stars taken from the literature allows us to dis-
tinguish between several possible effects, such as mass, and the
presence of a companion. The sample of T Tauri binary stars is
presented in x 2, and the observations and data reduction are dis-
cussed in x 3. The observed distribution of T Tauri stars in the
K � L versusK � N color plane is discussed in x 4; we have dis-
covered a sample of T Tauri stars that have mid-infrared evidence
for disks but that do not appear to be actively accreting. These re-
sults are discussed in x 5 in light of disk evolution models.

2. THE SAMPLE

A sample of T Tauri binary stars was compiled from Reipurth
&Zinnecker (1993),Ghez et al. (1993, 1997), Leinert et al. (1993),
Simon et al. (1995), and Walter et al. (1988). All objects in the
sample are observable from the Keck telescopes (� > �40�),
have Two Micron All Sky Survey (2MASS) colors consistent
with a reddened T Tauri star (see Appendix A), and have sepa-
rations between 0B2 and 800 (28–1120AU). The lower separation
bound is set by the diffraction limit at 10 �mand the upper bound
by the largest separation detectable in all observations assuming
that the primary is centered on the arrays. The sample is composed
of binaries locatedwithin 140 pc, in the Taurus (d ¼ 140 pc; Elias
1978), Ophiuchus (d ¼ 140 pc; de Geus & Burton 1991), and
Corona Australis (d ¼ 130 pc; Marraco & Rydgren 1981) star-
forming regions. Of the 70 possible targets, 65 were observed in
this study and are listed in Table 1 by star-forming region and in
order of increasing separation. LkHa 332/G1, LkHa 332/G2,HBC
412, HBC 360, and NTTS 160946�1851 were not observed be-
cause of insufficient time. The distribution of binary separations
has a median value of 0B75. As a result, half of the sample stars
have separations smaller than the canonical disk size (100 AU;
e.g., Shu et al. 1987), and all have separations larger than the
dominant emission region of the disk at wavelengths shorter than
10 �m (<1 AU).

The majority (66%) of the observed systems have spatially
resolved spectroscopic measurements available in the literature
(see Table 4), with spectral types ranging fromG2.5 toM7.5, and

have a median type of M2.5. For these systems we define the pri-
mary star to be the one with the earliest spectral type, i.e., highest
mass. For the stars that lack spectral type information, the com-
ponent that is brightest at K band is assumed to be the primary.

Many of these systems also have spectroscopic measurements
of H� (6563 8) or Br� (2.166 �m) line emission for each indi-
vidual component in the binary, allowing us to determine the ac-
cretion status of each star. Historically, H� equivalent widths have
been used to determine the presence of accretion. For the stars that
have resolved H� measurements, we employ the Martı́n (1998)
H� equivalent width limits, which take into account the spectral
type dependence of intrinsic chromospheric H� emission to de-
termine whether a star is accreting or not. For K spectral types
and earlier, if the EWof H� is more than 5 8, then the system is
accreting material. For M0–M2 spectral types, the limit is 10 8,
and for M3 spectral types and later, it is 20 8. The use of Br�
emission lines as an accretion diagnostic is more recent (e.g.,
Prato & Simon 1997; Muzerolle et al. 1998). It is likely that
some chromospheric contamination occurs, but how much has
not been determined. If there are no resolved H� measure-
ments but resolved Br� measurements are available, the presence
[EW(Br�)> 0] or absence of a Br� line is used to define the
accretion status, independent of spectral type. For the stars in the
sample with a measured accretion status, 78% of them have been
defined throughH� line emission. Altogether, of the sample with
line emission measurements, 64% are actively accreting (CTTSs)
while 36% are not (WTTSs), or are accreting at too low a level to
be detectable.

Near-infrared K [2.2 �m] and L[3.5 �m] band photometry for
each component in the binary system is available in the literature
for 48 of the binary stars in the sample (White&Ghez 2001; Prato
et al. 2003; Woitas et al. 2001 and references therein). In contrast,
only 11 of these systems have been previously resolved at 10 �m
(Ghez et al. 1991, 1994a; Stanke & Zinnecker 2000; Girart et al.
2004; McCabe et al. 2003).

3. OBSERVATIONS AND DATA REDUCTION

We obtained 10 �m images of all of the 65 systems in Table 1
and 18�mdata of 26 of themat theKeck telescopes. Complemen-
tary near-infrared observations (2–4 �m) of 25 systems not pre-
viously resolved in the 3–4 �m region and of 21 additional
systems in the target sampleweremade at theNASA InfraredTele-
scope Facility ( IRTF). The goal was to obtain near-simultaneous
K- and L-band observations of each star when possible. Com-
bined with information available in the literature (see x 1), 57 of
the 65 stars in the sample have resolved photometry in the 2–
4 �mwindow. Here we describe the observations and method of
data reduction for each data set. A log of all observations made
can be found in Table 2, which lists the telescope, camera, and fil-
ters used for each observing run.

3.1. Mid-Infrared

3.1.1. Observations

High angular resolution mid-infrared observations were made
at the Keck 10 m telescopes using two instruments: OSCIR, a
visitingmid-infrared (8–25�m) camera (Telesco et al. 2000), and
the LongWavelength Spectrometer (LWS; Jones&Puetter 1993),
the facility mid-infrared imaging spectrograph. With OSCIR,
which has a 128 ; 128 Si:As blocked impurity band (BIB) array
with a plate scale of 0B062 � 0B001 pixel�1, an orientation of
0N05 � 0N38, and a corresponding field of view of 7B9 ; 7B9,
the stars were imaged using the N-band (k ¼ 10:8 �m, �k ¼
5:15 �m) and IHW18 (k ¼ 18:1 �m,�k ¼ 1:6 �m) filters. With
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TABLE 1

T Tauri Binary Sample

Object

Separationa

(arcsec)

R.A.

(J2000.0)

Decl.

(J2000.0) References

Taurus

IS Tau..................................... 0.22 04 33 36.8 +26 09 50 1, 2, 3

GG Tau A .............................. 0.25 04 32 30.3 +17 31 41 1, 2, 4

FS Tau.................................... 0.27 04 22 02.1 +26 57 32 2, 3

IW Tau ................................... 0.27 04 41 04.7 +24 51 06 2, 3

V410 Tau ............................... 0.29 04 18 31.1 +28 27 16 4

V927 Tau ............................... 0.30 04 31 23.8 +24 10 54 3

Haro 6-37............................... 0.30/2.7 04 46 59.0 +17 02 38 2, 5

XZ Tau................................... 0.30 04 31 40.0 +18 13 58 1, 2

GH Tau .................................. 0.31 04 33 06.1 +24 09 45 1, 2

GN Tau .................................. 0.31 04 39 20.8 +25 45 03 3, 4, 6

CZ Tau ................................... 0.33 04 18 31.6 +28 16 59 2

LkHa 332 ............................... 0.33 04 42 07.7 +25 23 13 2

UZ Tau................................... 0.34/3.78 04 32 42.9 +25 52 32 1, 2, 3, 4

V807 Tau ............................... 0.41 04 33 06.7 +24 09 56 1, 2, 3

LkCa 3 ................................... 0.49 04 14 48.0 +27 52 35 1, 2

DD Tau .................................. 0.56 04 18 31.1 +28 16 30 1, 2

HBC 351................................ 0.61 03 52 02.3 +24 39 51 2

Haro 6-28............................... 0.66 04 35 55.9 +22 54 36 2, 3

VY Tau .................................. 0.66 04 39 17.4 +22 47 54 2, 3

FV Tau ................................... 0.72 04 26 53.6 +26 06 55 1, 2, 3, 5

T Tau...................................... 0.73 04 21 59.4 +19 32 06 1, 2

FV Tau/c ................................ 0.74 04 26 54.4 +26 06 52 2, 3

FQ Tau ................................... 0.79 04 19 12.8 +28 29 36 2

UY Aur................................... 0.88 04 51 47.3 +30 47 14 1, 2

FX Tau ................................... 0.90 04 30 29.6 +24 26 46 1, 2, 3

LkCa 7 ................................... 1.05 04 19 41.3 +27 49 39 2

RW Aur .................................. 1.42 05 07 49.6 +30 24 05 1, 2, 4, 5

GG Tau B .............................. 1.48 04 32 30.3 +17 31 31 2, 4

HBC 358/9............................. 1.58/20. 04 03 49.2 +26 10 54 2

HBC 356/7............................. 2.0 04 03 14.1 +25 53 00 7

HBC 411 ................................ 2.04 04 35 41.2 +24 11 08 2, 3, 5

HK Tau .................................. 2.40 04 31 50.5 +24 24 19 2, 3, 5

IT Tau..................................... 2.48 04 33 54.7 +26 13 30 3, 5

DK Tau .................................. 2.53 04 30 44.3 +26 01 24 2, 3, 5

UX Tau .................................. 2.7/5.9 04 30 03.9 +18 13 49 2, 5

HN Tau .................................. 3.1 04 33 39.3 +17 51 53 2, 5

V710 Tau ............................... 3.24 04 31 57.6 +18 21 37 2, 5

J4872...................................... 3.5 04 25 17.6 +26 17 51 5

HV Tau .................................. 4.00 04 38 35.3 +26 10 39 2, 3, 5, 6

HBC 354/5............................. 5.0 03 54 35.6 +25 37 12 7

Ophiuchus

SR 24 ..................................... 0.20/6.0 16 26 58.8 �24 45 37 3, 5, 8

NTTS 162218�2420 ............. 0.24 16 25 19.2 �24 26 52 1

NTTS 155913�2233 ............. 0.29 16 02 10.5 �22 41 28 1

SR 12 ..................................... 0.30 16 27 19.5 �24 41 40 3, 8

V853 Oph .............................. 0.40 16 28 45.3 �24 28 17 1, 3

ROXs 31 ................................ 0.48 16 27 52.0 �24 40 48 3

WSB 11.................................. 0.50 16 21 57.3 �22 38 16 5

SR 9 ....................................... 0.59 16 27 40.3 �24 22 03 1

WSB 3.................................... 0.60 16 18 49.5 �26 32 53 5

Haro 1-4 ................................. 0.72 16 25 10.5 �23 19 14 1, 5

DoAr 51 ................................. 0.77 16 32 11.8 �24 40 19 8

NTTS 155203�2338 ............. 0.80 16 32 11.8 �24 40 19 1

WSB 18.................................. 1.1 16 24 59.7 �24 56 01 5

WSB 26.................................. 1.2 16 26 18.3 �25 20 55 5

ROX 15.................................. 1.2 16 26 42.7 �24 20 29 5

AS 205 ................................... 1.32 16 11 31.4 �18 38 26 1, 5

WSB 19.................................. 1.5 16 25 01.9 �24 59 33 5

DoAr 24E............................... 2.03 16 26 23.3 �24 20 58 1, 3, 5



LWS, a 128 ; 128 Si:As array with a plate scale of 0B081 �
0B002 pixel�1 and orientation of�3N6 � 1� (McCabe et al. 2003),
wide bandpass imagingwas not possible. Observationswere there-
fore made using the narrowband filters OCLI-O (k ¼ 8:8 �m,
�k ¼ 0:85 �m), OCLI-S (k ¼ 12:5 �m,�k ¼ 1:2 �m), and the
SiC filter (k ¼ 11:8 �m, �k ¼ 2:3 �m) when it became avail-
able. LWS provides a 10B24 square field of view. The plate scale
and orientation of both cameras were calibrated using observa-
tions of wide (>200) binary systems.

Both instruments were used in chop-nod mode, switching be-
tween on-source and sky frames at an average rate of 4.5 Hz. The
chopper amplitudewas set to 800–1000 such that the off-source beam
lay outside the field of view of the array. The average on-source
integration time was 2–3 minutes, and, for all observing runs,
observations of target stars were interleavedwith observations of
photometric standards, which are listed in Table 5.

3.1.2. Data Reduction

Observations in the mid-infrared are background dominated,
with contributions from both thermal emission from the sky and
the telescope and dome structure. Accurate background sub-
traction is therefore critical and was achieved through double-
differencing chop pairs at the two nod positions. This double
difference was repeated for each chop-nod data set taken and the

results co-added.Most of the binary stars observed had at least one
component bright enough to be detected in the double-difference
image. For these data sets, the background-subtracted nod sets
were shifted and averaged using the centroid on the detected point
source. For the fainter systems that were not detected in a single
nod set, no relative position shifting between each of the chop-nod
sets was done. In general, the difference between the final FWHM
for the shifted and nonshifted frames is small; this is consistent
with the small centroid shifts detected for the majority (87%) of
stars observed that show rms shifts of 0B02 (<0.3 pixels). A small
constant background offset was usually present in the averaged
images. The median background was measured in a large annulus
around the primary star (typically 4B8 in radius, but dependent on
the binary separation) and subtracted from the image. The inner
radius of the annulus was checked against the encircled flux of
the star to ensure that the annuli chosen were not contaminated
by stellar flux.

3.1.3. Astrometric and Photometric Analysis

The astrometric and photometric properties of each star in the
binary system were found through fitting observed point-spread
functions (PSFs) to the data, a method based on that used by
McCabe et al. (2002). We employed a two-step approach. First,
aperture photometry was done by placing a circular aperture on
the centroid9 of each star observed, providing initial estimates for
the stellar position and flux ratio. These were then used to create
a model image of the observations, using both a model Gaussian
PSF of variable FWHMand a library of observed single-star PSFs
from the same night as the target. This 3n parameter model for n
stellar components (x and y stellar positions, relative scale of star
to model PSF) was then fitted to the data using amoeba, a down-
hill simplex technique (Press et al. 1992). The fitting criterion,
the minimization of the sum of the residuals �(data�model)2,
was calculated within a 20 pixel radius circular aperture around
each component. Given that the data are background limited,
with the noise level being approximately the same for all pixels,
this was equivalent to minimizing �2. The flux of each stellar
component was then measured using a 20 pixel aperture on the

9 Onwide binaries, the centroid was calculated for both stars. For close binaries
with large flux ratios, the centroid was calculated for the primary, whereas for the
secondary the position of peak flux was used.

TABLE 1—Continued

Object

Separationa

(arcsec)

R.A.

(J2000.0)

Decl.

(J2000.0) References

DoAr 26 ................................. 2.3 16 26 34.8 �23 45 41 5

WSB 4.................................... 2.8 16 18 50.3 �26 10 08 5

ROX 43.................................. 4.8 16 31 20.0 �24 40 02 3, 5

WSB 28.................................. 5.1 16 26 20.9 �24 08 51 5

SR 21 ..................................... 6.7 16 27 10.2 �24 19 16 3, 5

Corona Australis

S CrA ..................................... 1.3 19 01 08.5 �36 57 20 5

HBC 679................................ 4.5 19 02 22.4 �36 55 41 5

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

a Two numbers, separated by a slash, highlight a triple system.
References.— (1) Ghez et al. 1993; (2) Leinert et al. 1993; (3) Simon et al. 1995; (4) Ghez et al.

1997; (5) Reipurth & Zinnecker 1993; (6) Simon et al. 1996; (7) Walter et al. 1988; (8) Ghez et al.
1994b.

TABLE 2

Observation Log

Date

(UT) Telescope Instrument Filters

Mid-Infrared

1998 May 9–11 ............ Keck II OSCIR N, IHW18

1998 May 14–15 .......... Keck II OSCIR N, IHW18

1999 May 5–6 .............. Keck II OSCIR N, IHW18

1999 Nov 17–20 .......... Keck II OSCIR N, IHW18

2001 May 10–12 .......... Keck I LWS 8.9, 12.5, 18.7

2002 Nov 12–13 .......... Keck I LWS SiC

Near-Infrared

2001 Dec 1 ................... IRTF NSFCAM K, L

2001 May 26–27 .......... IRTF NSFCAM K, L
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individual best-fit component model and compared to the flux
from a photometric standard. The relative fluxes are both aper-
ture and air mass corrected. This method provides photometry
relative to the observed standards; the absolute calibration of the
photometric standards used is described in Appendix B. The re-
sults presented in Table 3 are from the PSF fit that provided the
smallest subtraction residuals; the measurement uncertainties for
each parameter were estimated from the standard deviation of the
fits from each PSF used. For systems in which two stars were de-
tected, the separation, position angle (P.A.), and flux ratio of the
binary are reported in Table 3. The corresponding uncertainties
were derived from themeasurement uncertainties combinedwith
the uncertainties in the plate scale and orientation of the camera.
If the night was photometric, the photometry of each component
also appears in Table 3, alongwith the total combined photometry.

In a number of cases, only one star in the binary system was
detected. If that source was unresolved, a model of a single PSF
star was fitted to find the best matching parameters. Determining
which component is emitting depends primarily on the separation
of the binary and whether observations resolve the binary at other
wavelengths on the same night. For example, consecutive images
at 10 and 18 �m, where both components are seen at 10 �m, will
clarify the source of an 18 �mdetection of a single component. If
the source of the emission cannot be distinguished as either the
primary or secondary, the magnitude appears in the ninth column
of Table 3 marked with an asterisk to indicate that the primary/
secondary designation is lacking. If the source is extended, PSF
fitting was done assuming that a binary is present. If the system
contains blended point sources that were not accurately fitted
through PSF fitting, aperture photometry of the total (unresolved)
system is provided. This occurred in only one case (LkCa 3),
for which resolved observations were available in another 10 �m
filter.

3.1.4. Filter Comparison

Because of the changing availability of mid-infrared instrumen-
tation and their associated filters at the Keck telescope during our
observing runs, four filters were used to probe these systems in
the 10 �m region, each with slightly different central wavelengths
and bandpasses. Themajority (89%) of the systemswere observed
using either the wide N-band (�k � 5 �m) or SiC filters (�k ¼
2:3 �m), which are centered on the amorphous Si emission fea-
ture. In contrast, 11% of the systems were observed using the nar-
rowband 8.8 and 12.5�mfilters (�k � 1�m),which are centered
on the edge of the silicate feature. Since the Si feature varies in
strength fromobject to object and in time (e.g., Hanner et al. 1998;
Natta et al. 2000; Przygodda et al. 2003), it is necessary to check
that no large, systematic bias was introduced by using the slightly
different 8.8 �m, 12.5 �m, SiC, and N-band filters.

To do this, we used the spectra of 16 typical T Tauri stars
presented in Przygodda et al. (2003). Our method for the abso-
lute calibration of the filters (see Appendix B) was applied, using
the relative flux spectra of Przygodda et al. (2003). We linearly
interpolated over the�0.7 �m gap in the spectra at�9.3 �m. The
relative integrated fluxes were then measured for each of these
spectra, through each of the filters used.We found that the SiC fil-
ter magnitudes are, on average, 0.02 mag different from N-band
photometry, and at most 0.1mag different. The 8.8 �mfilter is on
average 0.1 mag different from N-band magnitudes but can be as
much as 0.5 mag different. On the other hand, the 12.5 �m filter
is on average 0.3 mag different and as much as 0.5 mag different;
this filter is therefore not used in quantifying colors. Most of these
discrepancies are on the order of the average measurement un-
certainties in the data set (0.11mag forN band, 0.12mag for SiC

band, and 0.1 mag for 8.8 �m data). We define the index [N ]
as the estimate of the 10 �m flux provided by the measured SiC,
N-band, and 8.8 �mfluxes, in this order of preference in the case
of multiple measurements (where the order of preference is of
most used filter to least used filter). In the rest of the paper, we di-
rectly compare stars measured in these different filters.

3.2. Near-Infrared

3.2.1. Observations

K-band (k ¼ 2:21 �m, �k ¼ 0:39 �m) and L-band (k ¼
3:5 �m, �k ¼ 0:61 �m) observations were made at the NASA
IRTF 3 m telescope, using NSFCAM (Rayner et al. 1993; Shure
et al. 1994), the facility 256 ; 256 In:Sb near-infrared camera, on
2001May 26–28 and 2001 Nov 28–Dec 1 (UT). Two observing
modes were used depending on the required angular resolution.
For binarieswith separations greater than 100, we usedNSFCAM in
direct-imagingmode, with a plate scale of 0B150 � 0B006 pixel�1,
an orientation of 0N5 � 1N2, and a field of view of 37B9 ; 37B9.
The targets were imaged in a box-4 dither pattern with a �1900

dither size. This pattern was repeated 2–4 times depending on
the brightness of the stars, with exposure times varying from 0.5
to 20 s per dither position. For binaries with separations less than
100, speckle imaging observations were obtained with a plate scale
of 0B053 � 0B001 pixel�1 (White & Ghez 2001), with NSFCAM
running inmovieburstmode, allowing a limited amount of data to
be obtained at a high duty cycle with an integration time of 0.1 s.
Three to four stacks of 400 such images were taken on each ob-
ject, interleaved with similar observations of known single stars
and blank sky for calibration. Photometric standardswere observed
in both filters throughout each night.

3.2.2. Data Reduction

Each direct imaging dither pattern was reduced in the follow-
ing manner: Two dither positions, with the star placed in diamet-
rically opposite corners,were subtracted fromeach other, removing
the sky background and dark current components. This difference
image was then corrected for different pixel gains using a flat field
and corrected for bad pixels. The subtracted pairs for each star
were then registered and added together, providing two final, av-
eraged images, one with a positive image of the binary and one
with a negative image. Photometry was done on both the positive
and negative images with the same PSF fitting method used for
themid-infrared observations (see x 3.1.3 for details). The result-
ing photometry is the average of the two, with the uncertainty es-
timated from the range in the measurements.
For the speckle observations, each data cube of 400 images

was reduced; sky and dark current levels were subtracted and the
images were flat-fielded and bad pixel corrected. A power spec-
trum of each image was created and divided by the power spec-
trum of a star that is known to be single and pointlike. The fringe
pattern in the power spectrum is a function of the binary star sep-
aration, P.A., and flux ratio. A two-dimensional model was fitted
to the fringe pattern to measure these parameters (for details see
Ghez et al. 1995). To resolve the 180� ambiguity on the P.A. and
to obtain photometry of the combined system, the speckle stacks
were also shifted and added (Ghez et al. 1998), yielding an aver-
age image of the binary system. The photometric results presented
in x 4 combine the measured flux ratio of the two components
(from the power spectrum analysis) with the photometry of the
combined system to get magnitudes and fluxes for each individ-
ual component. The binary parameters (separation, flux ratio, P.A.)
are from the power spectrum analysis of the final, averaged im-
ages. In all cases, quoted uncertainties are derived from the
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TABLE 3

Observational Results

Magnitude
a

Object

Date

(UT) Filter

Separation

(arcsec)

P.A.

(deg) Flux Ratio Primary Secondary Totalb

Taurus

IS Tau........................... 2002 Nov 12 SiC . . . . . . . . . . . . . . . 5.02 � 0.11

GG Tau A .................... 1999 Nov 17 N 0.24 � 0.01 347 � 3 1.03 � 0.04 5.03 � 0.17 5.07 � 0.13 4.30 � 0.15

1999 Nov 17 IHW18 . . . . . . . . . . . . . . . 2.67 � 0.12

FS Tau.......................... 1999 Nov 17 N . . . . . . . . . . . . . . . 4.19 � 0.18

IW Tau ......................... 2001 Dec 01 L 0.30 � 0.01 185 � 1 1.67 � 0.03 8.62 � 0.02 9.18 � 0.02 8.11 � 0.02

2002 Nov 13 SiC . . . . . . . . . . . . . . . 8.10 � 0.14

V410 Tau AC .............. 2002 Nov 13 SiC . . . . . . . . . . . . . . . 7.17 � 0.13

V927 Tau ..................... 2001 Dec 01 K 0.26 � 0.01 292 � 1 1.64 � 0.06 9.23 � 0.02 9.76 � 0.03 8.71 � 0.02

2001 Dec 01 L 0.29 � 0.02 291 � 2 2.37 � 0.2 7.82 � 0.13 8.76 � 0.16 7.44 � 0.15

2002 Nov 12 SiC . . . . . . . . . . . . . . . 8.04 � 0.15

Haro 6-37 Aa–Ab........ 2002 Nov 13 SiC 0.30 � 0.01 181 � 3 1.50 � 0.14 5.04 � 0.14 5.47 � 0.10 4.48 � 0.13

Haro 6-37 AB .............. 2002 Nov 13 SiC 2.61 � 0.07 39 � 1 1.19 � 0.20 4.48 � 0.13 4.68 � 0.13 3.82 � 0.15

XZ Tau ......................... 1999 Nov 17 N . . . . . . . . . . . . . . . 2.17 � 0.15

GH Tau ........................ 1999 Nov 17 N 0.30 � 0.01 111 � 2 1.45 � 0.05 5.75 � 0.12 6.15 � 0.09 5.17 � 0.11

1999 Nov 17 IHW18 . . . . . . . . . . . . . . . 3.70 � 0.11

GN Tau ........................ 2001 Dec 01 L 0.36 � 0.01 126 � 1 1.53 � 0.03 8.26 � 0.07 7.80 � 0.07 7.25 � 0.07

1999 Nov 17 N . . . . . . . . . . . . . . . 6.66 � 0.17

CZ Tau ......................... 2001 Dec 01 K 0.33 � 0.01 88 � 2 5.58 � 0.41 9.51 � 0.02 11.38 � 0.08 9.33 � 0.03

2001 Dec 01 L 0.33 � 0.01 92 � 2 1.71 � 0.09 8.90 � 0.08 9.49 � 0.09 8.40 � 0.09

1999 Nov 16 N . . . . . . . . . . . . . . . 3.79 � 0.13

1999 Nov 17 IHW18 . . . . . . . . . . . . . . . 6.06 � 0.18

LkHa 332 ..................... 1999 Nov 17 N 0.34 � 0.01 210 � 1. 1.76 � 0.08 4.96 � 0.14 5.57 � 0.12 4.47 � 0.14

1999 Nov 17 IHW18 . . . . . . . . . . . . . . . 3.87 � 0.12

UZ Tau W.................... 2001 Dec 01 L 0.35 � 0.01 4 � 1 1.65 � 0.06 7.68 � 0.58 8.23 � 0.59 7.16 � 0.84

1999 Nov 16 N 0.37 � 0.01 3.7 � 0.6 1.17 � 0.07 6.43 � 0.08 6.60 � 0.08 5.76 � 0.08

1999 Nov 17 IHW18 0.37 � 0.01 2.1 � 0.9 1.33 � 0.05 4.64 � 0.10 4.94 � 0.08 4.03 � 0.1

UZ Tau EW ................. 2001 Dec 1 K 3.5 � 0.1 275 � 1 1.81 � 0.08 7.60 � 0.1 8.24 � 0.05 7.12 � 0.09

2001 Dec 1 L 3.5 � 0.1 276 � 1 2.51 � 0.08 6.78 � 0.17 7.78 � 0.13 6.42 � 0.17

1999 Nov 16 N 3.52 � 0.06 272.9 � 0.4 8.02 � 0.88 3.50 � 0.09 5.76 � 0.08 3.37 � 0.09

1999 Nov 17 IHW18 3.44 � 0.06 273.0 � 0.4 8.79 � 1.2 2.28 � 0.11 4.64 � 0.10 2.16 � 0.11

V807 Tau ..................... 1999 Nov 17 N . . . . . . . . . . . . . . . 5.27 � 0.18�

1999 Nov 17 IHW18 . . . . . . . . . . . . . . . 4.04 � 0.11�

LkCa 3 ......................... 2001 Dec 01 K 0.47 � 0.01 72 � 1 1.18 � 0.03 8.06 � 0.03 8.24 � 0.03 7.39 � 0.03

2001 Dec 01 L 0.47 � 0.01 72 � 1 1.17 � 0.01 8.02 � 0.03 8.19 � 0.04 7.35 � 0.03

1999 Nov 17 N . . . . . . . . . . . . . . . 7.52 � 0.19c

1999 Nov 17 IHW18 . . . . . . . . . . . . . . . . . .
2002 Nov 13 SiC 0.48 � 0.02 76 � 2 1.41 � 0.06 7.72 � 0.11 8.10 � 0.09 7.14 � 0.10

DD Tau ........................ 1999 Nov 17 N 0.54 � 0.01 179 � 2 1.75 � 0.08 4.53 � 0.06 5.13 � 0.06 4.04 � 0.06

HBC 351...................... 2001 Dec 01 K 0.55 � 0.01 314 � 1 3.61 � 0.39 9.20 � 0.04 10.6 � 0.1 8.94 � 0.05

2001 Dec 01 L 0.54 � 0.02 315 � 1 5.14 � 0.06 . . . . . . . . .
2002 Nov 13 SiC . . . . . . . . . . . . . . . . . .

Haro 6-28..................... 2001 Dec 01 L 0.65 � 0.01 247 � 1 2.07 � 0.08 8.81 � 0.30 9.60 � 0.32 8.38 � 0.36

1999 Nov 17 N 0.64 � 0.01 246.5 � 0.4 0.94 � 0.04 7.38 � 0.16 7.31 � 0.18 6.59 � 0.19

1999 Nov 17 IHW18 0.68 � 0.01 245.1 � 0.6 0.79 � 0.07 5.85 � 0.07 5.58 � 0.07 4.96 � 0.07

VY Tau ........................ 2001 Dec 01 L 0.67 � 0.01 318 � 1 6.14 � 0.27 8.47 � 0.08 10.45 � 0.11 8.31 � 0.09

1999 Nov 17 N . . . . . . . . . . . . . . . 6.63 � 0.16�

FV Tau ......................... 1999 Nov 17 N 0.71 � 0.02 92.1 � 0.8 2.2 � 0.2 4.07 � 0.17 4.92 � 0.12 3.66 � 0.17

1999 Nov 17 IHW18 0.67 � 0.03 112 � 1 1.51 � 0.06 3.07 � 0.13 3.52 � 0.11 2.52 � 0.13

T Tau............................ 1999 Nov 17 N 0.67 � 0.01 181.2 � 0.4 0.89 � 0.02 1.54 � 0.15 1.41 � 0.16 0.72 � 0.17

1999 Nov 17 IHW18 0.67 � 0.02 181.6 � 0.8 0.87 � 0.01 �1.48 � 0.10 �1.63 � 0.1 �2.31 � 0.1

FV Tau/c ...................... 1999 Nov 17 N 0.67 � 0.02 112 � 1 0.74 � 0.09 8.59 � 0.14 8.26 � 0.17 7.66 � 0.17

1999 Nov 17 IHW18 . . . . . . . . . . . . . . . . . .

2002 Nov 12 SiC 0.68 � 0.02 115 � 1 0.75 � 0.04 6.27 � 0.07 5.96 � 0.10 5.36 � 0.09

FQ Tau ......................... 2001 Dec 01 K 0.73 � 0.01 67 � 1 0.77 � 0.08 10.15 � 0.06 9.87 � 0.05 9.25 � 0.06

2001 Dec 01 L 0.73 � 0.01 67 � 1 0.68 � 0.04 9.54 � 0.04 9.12 � 0.03 8.56 � 0.03

1999 Nov 20 N 0.66 � 0.01 70 � 1 1.13 � 0.04 7.42 � 0.04 7.55 � 0.09 6.73 � 0.07

2002 Nov 12 SiC 0.74 � 0.02 66 � 1 1.05 � 0.02 7.18 � 0.09 7.24 � 0.10 6.46 � 0.10

UY Aur......................... 1999 Nov 16 N 0.88 � 0.01 227.6 � 0.4 2.07 � 0.03 3.37 � 0.1 4.16 � 0.08 2.94 � 0.10

1999 Nov 16 IHW18 0.87 � 0.01 227.7 � 0.4 2.41 � 0.02 1.28 � 0.05 2.23 � 0.04 0.90 � 0.05

FX Tau ......................... 2001 Dec 01 L 0.85 � 0.02 289 � 1 2.63 � 0.08 7.60 � 0.05 8.65 � 0.06 7.25 � 0.05

1999 Nov 18 N 0.87 � 0.02 289.4 � 0.4 2.75 � 0.11 5.36 � 0.11 6.46 � 0.06 5.03 � 0.10

1999 Nov 18 IHW18 0.84 � 0.02 290.5 � 0.5 2.79 � 0.33 4.01 � 0.10 5.13 � 0.03 3.68 � 0.08
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LkCa 7 ......................... 2001 Dec 01 K 0.98 � 0.02 25 � 1 1.851 � 0.05 8.66 � 0.03 9.33 � 0.04 8.19 � 0.03

2001 Dec 01 L 0.99 � 0.02 25 � 1 1.866 � 0.02 8.62 � 0.01 9.29 � 0.02 8.15 � 0.01

1999 Nov 18 N . . . . . . . . . . . . . . . 8.23 � 0.12�

RW Aur ........................ 1999 Nov 16 N 1.42 � 0.02 254.6 � 0.4 13.63 � 0.06 3.12 � 0.09 5.96 � 0.09 3.04 � 0.09

1999 Nov 16 IHW18 1.38 � 0.02 254.7 � 0.4 10.89 � 0.46 1.62 � 0.05 4.22 � 0.06 1.53 � 0.05

GG Tau B .................... 1999 Nov 18 N 1.43 � 0.02 133.2 � 0.4 6.75 � 0.25 6.72 � 0.11 8.80 � 0.11 6.57 � 0.12

HBC 358 AB ............... 2001 Dec 1 K 1.55 � 0.06 226 � 1 1.777 � 0.003 9.80 � 0.06 10.43 � 0.06 9.32 � 0.06

2001 Dec 1 L 1.55 � 0.06 224 � 2 1.77 � 0.16 9.79 � 0.04 10.41 � 0.14 9.30 � 0.08

2002 Nov 13 SiC . . . . . . . . . . . . . . . . . .

HBC 358/359............... 2001 Dec 1 K 20.1 � 0.8 267 � 1 1.31 � 0.08 9.51 � 0.03 9.80 � 0.06 8.89 � 0.04

2001 Dec 1 L 20.1 � 0.8 267 � 1 1.18 � 0.35 9.61 � 0.32 9.79 � 0.04 8.94 � 0.21

HBC 356/357............... 2001 Dec 1 K 1.26 � 0.05 5 � 2 1.04 � 0.01 10.72 � 0.03 10.77 � 0.03 9.99 � 0.03

2001 Dec 1 L 1.25 � 0.05 4 � 2 1.1 � 0.1 10.86 � 0.01 10.92 � 0.1 10.14 � 0.06

2002 Nov 13 SiC . . . . . . . . . . . . . . . . . .
HBC 411 ...................... 2001 Dec 1 L 2.08 � 0.08 175 � 1 5.99 � 0.24 7.86 � 0.01 9.80 � 0.04 7.69 � 0.01

2002 Nov 13 SiC 2.02 � 0.05 175 � 1 10.22 � 0.08 4.68 � 0.12 7.21 � 0.12 4.58 � 0.13

HK Tau ........................ 2001 Dec 1 L 2.39 � 0.1 168.1 � 2.7 25.5 � 2.4 8.08 � 0.1 11.58 � 0.16 8.04 � 0.1d

2002 Nov 13 SiC 2.23 � 0.06 170 � 1 30 � 4 5.33 � 0.07 9.03 � 0.16 5.30 � 0.07

IT Tau........................... 2001 Dec 1 L 2.4 � 0.1 225 � 2 3.94 � 0.06 7.67 � 0.07 9.15 � 0.05 7.42 � 0.07

2002 Nov 13 SiC 2.31 � 0.06 224 � 1 2.95 � 0.01 5.31 � 0.11 6.48 � 0.11 4.99 � 0.11

DK Tau ........................ 2002 Nov 13 SiC 2.27 � 0.06 117 � 1 8.53 � 0.04 3.42 � 0.14 5.75 � 0.13 3.30 � 0.15

UX Tau AB.................. 2002 Nov 12 SiC 5.6 � 0.1 268 � 1 11.9 � 1.8 5.62 � 0.11 8.31 � 0.12 5.53 � 0.12

UX Tau AC.................. 2002 Nov 12 SiC 2.50 � 0.3 181 � 5 59.7 � 7.2 5.62 � 0.11 10.06 � 0.07 5.60 � 0.12

HN Tau ........................ 2002 Nov 13 SiC . . . . . . . . . . . . . . . 3.53 � 0.13�

V710 Tau ..................... 2002 Nov 12 SiC 3.06 � 0.08 178 � 1 12.73 � 0.11 5.44 � 0.10 8.21 � 0.10 5.36 � 0.1

J4872 ............................ 2001 Dec 1 K 3.4 � 0.1 234 � 1 1.78 � 0.06 8.58 � 0.03 9.20 � 0.06 8.09 � 0.04

2001 Dec 1 L 3.4 � 0.1 234 � 1 1.75 � 0.02 8.53 � 0.07 9.14 � 0.1 8.04 � 0.08

2002 Nov 12 SiC . . . . . . . . . . . . . . . . . .
HV Tau ........................ 2001 Dec 1 K 4.0 � 0.2 43 � 1 73.3 � 8.3 7.86 � 0.04 12.2 � 0.1 7.84 � 0.04

2001 Dec 1 L 3.9 � 0.2 43 � 1 36.4 � 1.8 7.66 � 0.04 11.34 � 0.04 7.62 � 0.04

2002 Nov 13 SiC 4.1 � 0.1 43 � 1 1.20 � 0.01 7.59 � 0.13 7.78 � 0.14 6.93 � 0.14

HBC 355/354............... 2001 Dec 1 K 6.3 � 0.3 298 � 1 2.18 � 0.03 10.15 � 0.01 10.99 � 0.01 9.74 � 0.01

2001 Dec 1 L 6.2 � 0.3 298 � 1 2.22 � 0.1 10.16 � 0.07 11.03 � 0.11 9.76 � 0.09

2002 Nov 13 SiC . . . . . . . . . . . . . . . . . .

Ophiuchus

SR 24N ........................ 2001 May 26 K 0.112 � 0.002 63 � 2 1.523 � 0.03 8.50 � 0.01 8.96 � 0.01 7.95 � 0.01

2001 May 26 L 0.12 � 0.01 59 � 6 1.887 � 0.16 6.80 � 0.04 7.49 � 0.07 6.34 � 0.05

SR 24NS ...................... 1999 May 04 N 5.08 � 0.08 347.7 � 0.4 0.95 � 0.01 3.50 � 0.12 3.45 � 0.12 2.72 � 0.13

1999 May 04 IHW18 5.01 � 0.08 347.5 � 0.4 1.87 � 0.05 1.87 � 0.07 2.55 � 0.05 1.41 � 0.06

NTTS162218�2420..... 2001 May 26 K 0.19 � 0.004 147 � 2 1.25 � 0.12 8.29 � 0.06 8.53 � 0.07 7.65 � 0.07

2001 May 26 L 0.201 � 0.004 145 � 1 1.40 � 0.01 8.22 � 0.01 8.58 � 0.01 7.63 � 0.01

2001 May 10 8.8 . . . . . . . . . . . . . . . 7.32 � 0.15

2001 May 10 12.5 . . . . . . . . . . . . . . . . . .

NTTS155913�2233..... 1999 May 05 N . . . . . . . . . . . . . . . 6.94 � 0.12�

SR 12 ........................... 2001 May 26 K 0.228 � 0.004 82 � 1 1.292 � 0.02 8.90 � 0.01 9.18 � 0.01 8.28 � 0.01

2001 May 26 L 0.237 � 0.005 83 � 1 1.50 � 0.02 8.73 � 0.06 9.17 � 0.07 8.18 � 0.07

2001 May 11 8.8 . . . . . . . . . . . . . . . . . .
V853 OPH ................... 2001 May 26 K 0.34 � 0.01 93 � 1 3.55 � 0.16 8.22 � 0.02 9.60 � 0.04 7.95 � 0.02

2001 May 26 L 0.33 � 0.01 94 � 1 3.91 � 0.19 7.64 � 0.03 9.12 � 0.06 7.39 � 0.04

1999 May 04 IHW18 . . . . . . . . . . . . . . . 3.62 � 0.05

1999 May 04 N 0.26 � 0.04 101 � 4 3.9 � 0.4 5.94 � 0.09 7.42 � 0.06 5.69 � 0.09

ROXs 31 ...................... 2001 May 26 K 0.38 � 0.01 252 � 1 1.31 � 0.04 8.68 � 0.02 8.97 � 0.03 8.06 � 0.02

2001 May 26 L 0.38 � 0.01 252 � 1 1.65 � 0.09 8.31 � 0.03 8.85 � 0.04 7.79 � 0.03

1999 May 05 N . . . . . . . . . . . . . . . . . .

WSB 11........................ 2001 May 27 K 0.47 � 0.01 317 � 1 2.22 � 0.06 10.39 � 0.01 11.26 � 0.02 9.99 � 0.01

1998 May 10 N 0.48 � 0.01 314.9 � 0.6 0.94 � 0.10 . . . . . . . . .

1999 May 04 N 0.48 � 0.01 317 � 1 1.09 � 0.18 7.64 � 0.06 7.74 � 0.06 6.94 � 0.06

1999 May 04 IHW18 . . . . . . . . . . . . . . . . . .

SR 9 ............................. 2001 May 26 K 0.59 � 0.01 353 � 1 10.82 � 0.16 7.18 � 0.02 9.77 � 0.03 7.08 � 0.02

2001 May 26 L 0.61 � 0.02 353 � 1 13.88 � 0.55 6.56 � 0.02 9.41 � 0.06 6.48 � 0.02

1999 May 04 N 0.59 � 0.02 356.8 � 0.7 9.54 � 0.9 4.37 � 0.09 6.82 � 0.11 4.26 � 0.10
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WSB 3.............................. 2001 May 27 K 0.59 � 0.01 159 � 1 2.36 � 0.01 9.47 � 0.01 10.40 � 0.01 9.09 � 0.01

2001 May 27 L 0.60 � 0.02 159 � 1 4.42 � 0.24 9.07 � 0.04 10.68 � 0.08 8.85 � 0.05

2001 May 10 8.8 . . . . . . . . . . . . . . . . . .

Haro 1-4........................... 2001 May 26 K 0.74 � 0.01 30 � 1 3.37 � 0.07 7.58 � 0.02 8.90 � 0.03 7.30 � 0.02

2001 May 26 L 0.75 � 0.01 30 � 1 5.88 � 0.02 6.83 � 0.02 8.75 � 0.02 6.66 � 0.02

2001 May 11 8.8 0.73 � 0.02 27 � 1 3.17 � 0.5 . . . . . . . . .

2001 May 11 12.5 0.74 � 0.02 26 � 1 3.14 � 0.3 . . . . . . . . .

1998 May 09 N 0.76 � 0.02 27.2 � 0.6 1.77 � 0.06 . . . . . . . . .
1998 May 09 IHW18 0.76 � 0.01 28.8 � 0.4 2.51 � 0.03 . . . . . . . . .

DoAr 51 ........................... 2001 May 27 K 0.75 � 0.02 79 � 1 9.72 � 2.64 7.75 � 0.07 10.22 � 0.27 7.64 � 0.09

2001 May 27 L 0.72 � 0.02 79 � 2 3.41 � 0.41 7.86 � 0.14 9.19 � 0.21 7.58 � 0.17

1998 May 10 N 0.79 � 0.02 77.6 � 0.4 0.51 � 0.09 . . . . . . . . .

NTTS155203�2338e ....... 2001 May 26 K 0.62 � 0.03 231 � 1 3.76 � 0.06 7.21 � 0.03 8.65 � 0.05 6.95 � 0.03

2001 May 26 L 0.73 � 0.03 233 � 2 5.68 � 0.5 6.69 � 0.03 8.57 � 0.08 6.51 � 0.04

2001 May 10 8.8 0.72 � 0.02 232 � 1 5.34 � 0.23 7.10 � 0.05 8.92 � 0.02 6.92 � 0.05

2001 May 10 12.5 . . . . . . . . . 7.49 � 0.11 . . . 7.49 � 0.11

1998 May 09 N 0.73 � 0.02 233.5 � 0.8 4.36 � 0.6 . . . . . . . . .

WSB 18............................ 2001 May 27 K 0.97 � 0.11 80 � 1 1.15 � 0.3 10.2 � 0.2 10.38 � 0.08 9.53 � 0.16

2001 May 27 L 1.04 � 0.05 83 � 1 0.841 � 0.08 9.94 � 0.13 9.75 � 0.03 9.09 � 0.08

2001 May 12 8.8 1.03 � 0.03 85 � 1 3.87 � 0.09 9.21 � 0.08 7.74 � 0.1 7.49 � 0.1

2001 May 12 12.5 1.01 � 0.03 77 � 3 4.89 � 0.23 8.86 � 0.08 7.14 � 0.08 6.94 � 0.08

WSB 26............................ 2001 May 27 K 1.09 � 0.05 26 � 2 1.24 � 0.01 9.87 � 0.09 10.10 � 0.08 9.23 � 0.09

2001 May 27 L 1.10 � 0.05 25 � 1 1.31 � 0.04 9.13 � 0.03 9.42 � 0.01 8.51 � 0.02

1999 May 04 N 1.14 � 0.02 24.6 � 0.4 0.41 � 0.03 7.25 � 0.11 6.28 � 0.11 5.91 � 0.12

1998 May 11 N 1.12 � 0.02 23.2 � 0.7 3.78 � 0.2 . . . . . . . . .

1999 May 04 IHW18 . . . . . . . . . . . . . . . . . .
ROX 15............................ 2001 May 27 K 1.40 � 0.06 69 � 1 3.15 � 0.05 8.22 � 0.09 9.47 � 0.07 7.92 � 0.09

2001 May 27 L 1.40 � 0.06 69 � 1 2.90 � 0.1 7.39 � 0.08 8.55 � 0.04 7.07 � 0.07

1998 May 11 N 1.39 � 0.02 67.6 � 0.4 4.86 � 0.4 . . . . . . . . .

1999 May 05 N 1.45 � 0.02 68.7 � 0.4 3.97 � 0.18 5.71 � 0.05 7.21 � 0.09 5.47 � 0.06

1999 May 05 IHW18 . . . . . . . . . . . . . . . . . .

AS 205 ............................. 2001 May 27 K 1.30 � 0.07 214 � 1 2.81 � 0.06 5.95 � 0.1 7.07 � 0.13 5.62 � 0.11

2001 May 27 L 1.32 � 0.05 213 � 1 2.90 � 0.23 4.9 � 0.1 6.05 � 0.02 4.58 � 0.08

2001 May 10 8.8 1.30 � 0.03 210 � 1 2.74 � 0.02 2.46 � 0.15 3.55 � 0.15 2.12 � 0.16

2001 May 10 12.5 1.30 � 0.03 210 � 1 3.48 � 0.07 1.47 � 0.15 2.82 � 0.14 1.19 � 0.16

1998 May 11 N 1.31 � 0.04 212.1 � 0.6 4.44 � 0.5 . . . . . . . . .

WSB 19............................ 2001 May 27 K 1.48 � 0.06 262 � 1 2.12 � 0.1 9.84 � 0.04 10.66 � 0.09 9.42 � 0.06

2001 May 27 L 1.49 � 0.06 262 � 1 2.68 � 0.03 9.13 � 0.02 10.20 � 0.04 8.79 � 0.03

1999 May 05 N 1.51 � 0.02 263.2 � 0.4 2.38 � 0.06 5.72 � 0.06 6.67 � 0.08 5.34 � 0.07

1999 May 05 IHW18 . . . . . . . . . 3.83 � 0.16 . . . 3.83 � 0.16

DoAr 24E......................... 2001 May 27 K 1.98 � 0.08 150 � 1 2.30 � 0.5 7.13 � 0.14 8.0 � 0.1 6.73 � 0.14

2001 May 27 L 1.98 � 0.08 150 � 1 0.78 � 0.03 6.42 � 0.09 6.15 � 0.14 5.52 � 0.12

1998 May 10 N 2.00 � 0.03 149.6 � 0.4 0.35 � 0.004 . . . . . . . . .

1998 May 10 IHW18 2.01 � 0.03 149.9 � 0.4 0.40 � 0.004 . . . . . . . . .

DoAr 26f .......................... 2001 May 27 K 2.23 � 0.09 131 � 1 3.60 � 0.14 9.1 � 0.3 10.4 � 0.2 8.81 � 0.32

2001 May 27 L 2.22 � 0.09 132 � 2 6.17 � 0.01 8.28 � 0.05 10.25 � 0.06 8.12 � 0.05

1998 May 11 N 2.27 � 0.04 130.6 � 0.5 8.16 � 0.9 . . . . . . . . .

1999 May 05 N 2.29 � 0.04 131.4 � 0.4 5.87 � 0.10 6.54 � 0.06 8.46 � 0.06 6.37 � 0.06

1999 May 05 IHW18 . . . . . . . . . . . . . . . . . .
WSB 4.............................. 2001 May 27 K 2.78 � 0.11 130 � 1 0.611 � 0.002 10.92 � 0.12 10.38 � 0.12 9.86 � 0.13

2001 May 27 L 2.77 � 0.12 130 � 1 0.394 � 0.02 10.65 � 0.12 9.64 � 0.13 9.28 � 0.14

2001 May 12 8.8 . . . . . . . . . . . . . . . 8.18 � 0.10�

2001 May 12 12.5 . . . . . . . . . . . . . . . 8.18 � 0.07�

ROX 43............................ 2001 May 26 K 4.41 � 0.18 12 � 1 2.70 � 0.03 6.66 � 0.01 7.74 � 0.02 6.32 � 0.01

2001 May 26 L 4.40 � 0.18 12 � 1 4.78 � 0.06 5.51 � 0.01 7.221 � 0.001 5.31 � 0.01

2001 May 11 8.8 . . . . . . . . . . . . . . . . . .
2001 May 11 12.5 . . . . . . . . . . . . . . . . . .

WSB 28............................ 2001 May 27 K 5.00 � 0.2 358 � 2 10.67 � 3.36 9.540 � 0.004 12.08 � 0.3 9.44 � 0.03

2001 May 27 L 5.0 � 0.2 358 � 1 9.18 � 1.26 9.49 � 0.13 11.89 � 0.3 9.38 � 0.16

2001 May 12 8.8 4.9 � 0.1 356 � 1 1.24 � 0.04 9.41 � 0.11 9.64 � 0.08 8.77 � 0.10

SR 21 ............................... 1998 May 11 N 7.67 � 0.12 177.9 � 0.4 10.84 � 5.27 . . . . . . . . .

1998 May 11 IHW18 7.85 � 0.13 179.1 � 0.4 3.43 � 1.2 . . . . . . . . .
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standard deviation of results from the individual stacks, combined
with the uncertainties in plate scale and orientation of the camera.

4. RESULTS

Measurements that produce flux ratios and/or absolute pho-
tometric results are presented in Table 3. In general, objects with
[N ]-band flux densities greater than 10 mJy and 18 �m fluxes
greater than 30 mJy are clearly detected. We therefore took these
values as upper limits in cases where no source was detected. Ab-
solute photometry was obtained from our observations for 75, 93,
89, and 24 individual components atK,L, [N ], and 18�m, respec-
tively. Relative flux measurements for systems observed during
nonphotometric conditionsweremade for one, four, and three sys-
tems at L, [N ], and 18 �m, respectively. There are nine systems
(HBC 351, HBC 358, HBC 356, HBC 355, SR 12, ROXs 31,
WSB 3, ROX 43, HBC 679) in which no stars were detected in
the 8–13�mwindow, and six (LkCa 3, FVTau/c,WSB 11,WSB
26, ROX 15, DoAr 26) in which nothing was detected at 18 �m.
No new components were identified in the mid-infrared that were
not already identified at some other wavelength. Approximately
25%of the binary systems have inverted flux ratios atwavelengths
longer than 2 �m; the brightest component at 2 �m is not neces-
sarily the brightest at either 3.5 or 10 �m, highlighting the poten-
tial pitfalls in assigning long-wavelength, low spatial resolution
measurements to the component that dominates at shorter wave-
lengths. These results increase the number of systems with spa-
tially resolved measurements at 10 �m by a factor of �5.

We construct a final sample of 71 components in 35 systems
that have high spatial resolution K-, L-, and [N ]-band measure-
ments; these are listed in Table 4. All but 4 of these 35 systems
also have spatially resolved spectroscopic information, providing
spectral type and accretion diagnostics for each stellar component.
Measurements used in this final sample are first taken from our
results and then supplemented with other work. Specifically, we
have added twomeasurements from the literature at mid-infrared

wavelengths (DoAr 24E and HK Tau, from Stanke & Zinnecker
2000;McCabe et al. 2003) and approximately half of themeasure-
ments at near-infrared wavelengths (see Table 4 for references).
For our final sample, dereddened K � L versus K � ½N � and

K � ½N � versus ½N � �18 colors are presented in Figure 1, with the
symbol type representingwhether or not the star is actively accret-
ing. The dereddened colors for each component are also listed in
Table 4, along with the visual extinction for the system (inferred
using a method detailed in Appendix A), the spectral type when
known, the spectroscopic accretionmeasure used (i.e., H� orBr�),
and the EWof H� emission when applicable. In both theK�½N �
and ½N � �18 color indices the stars are well separated into the
three groups originally identified by Lada (1987), corresponding
to photospheric emission (class III ), disk emission (class II ), and
embedded protostellar emission (class I ). Here we adopt the fol-
lowing mid-infrared color limits to delineate these groups:

1. Class I: K � ½N � > 4:5.
2. Class II: 1:75 < K � ½N � < 4:5.
3. Class III: K � ½N � < 1.

These correspond to theWilking et al. (2001) spectral index lim-
its, with three modifications: we include the flat spectrum class
defined byWilking et al. (2001) in our class I definition, we use a
class II lower limit of K � ½N � ¼ 1:75 rather than K � ½N � ¼ 2,
and we adopt a class III cutoff that is intermediate between those
suggested by Wilking et al. (2001; K � N ¼ 2) and Kenyon &
Hartmann (1995; K � ½N � � 0:5). The class III color limit there-
fore incorporates the photospheric contribution from even the
lowest mass star in our sample.
Within our sample, we have detected three class I sources, 58

class II sources, and 10 class III sources. Since our sample was
selected for T Tauri stars, we did not expect to detect many class I
stars.All three class I stars (TTauB, FVTau/cB, andDoAr 24EB)
are secondaries to class II primaries and are previously identi-
fied IRCs or high-accretion stars (Koresko et al. 1997; White &

TABLE 3—Continued

Magnitude
a

Object

Date

(UT) Filter

Separation

(arcsec)

P.A.

(deg) Flux Ratio Primary Secondary Totalb

Corona Australis

S CrA ................................. 2001 May 26 K 1.30 � 0.05 150 � 1 3.27 � 0.1 6.04 � 0.09 7.33 � 0.13 5.75 � 0.10

2001 May 26 L 1.30 � 0.05 150 � 1 3.44 � 0.1 4.62 � 0.06 5.97 � 0.03 4.34 � 0.05

2001 May 12 8.8 1.27 � 0.03 148 � 1 1.43 � 0.01 3.51 � 0.11 3.90 � 0.11 2.93 � 0.12

2001 May 12 12.5 1.27 � 0.03 148 � 1 1.32 � 0.01 2.88 � 0.07 3.18 � 0.07 2.27 � 0.07

1998 May 10 N 1.31 � 0.02 149.3 � 0.4 1.74 � 0.05 . . . . . . . . .
1998 May 10 IHW18 1.30 � 0.02 149.1 � 0.4 1.29 � 0.02 . . . . . . . . .

1999 May 05 N 1.32 � 0.02 149.4 � 0.4 2.51 � 0.06 2.63 � 0.07 3.63 � 0.05 2.26 � 0.07

1999 May 05 IHW18 1.30 � 0.04 149.2 � 0.6 1.81 � 0.06 1.11 � 0.11 1.75 � 0.15 0.63 � 0.13

HBC 679............................ 2001 May 26 L 4.33 � 0.18 57 � 1 4.76 � 0.7 8.64 � 0.02 10.34 � 0.15 8.43 � 0.04

2001 May 10 8.8 . . . . . . . . . . . . . . . . . .

2001 May 10 12.5 . . . . . . . . . . . . . . . . . .

Note.—Table 3 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.
a For the filters used here, Vega has the following fluxes: 33.99 Jy for N band, 11.96 Jy for IHW18, 49.26 Jy for 8.8 �m, 28.24 Jy for SiC, 24.96 Jy for 12.5 �m. See

Appendix B for more details on the absolute photometric calibration.
b Represents the magnitude of both primary and secondary combined, unless the value is followed by an asterisk. In this case, the observations reveal one point

source and it is not clear which component the flux belongs to.
c Chopping errors provide unresolved flux only.
d Secondary marginally resolved in IRTF L-band observations causing large uncertainties in fluxes from PSF fitting; used L-band results fromWhite & Ghez (2001)

for final sample.
e A third object, situated 11B1 from NTTS 155203�2338 A at a P.A. of 164N4, was observed at K band (12:2 � 0:2 mag) and L band (11:57 � 0:01 mag). Given the

preponderance of objects within 10 of NTTS 155203�2338, this is likely to be a background object but has not been confirmed.
f A third object, located 16B5 away from DoAr 26 A at a P.A. of 49N3, was also detected, withK ¼ 11:6 � 0:2mag and L ¼ 11:6 � 0:8mag. It is not known whether

this object is physically associated with DoAr 26 or not.
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TABLE 4

Stellar Component Colors

Dereddened References
b

T Tauri

Object Component Av
a

Spectral

Type K � L K � ½N � Mid-IR Near-IR Line?

EW(H� )
(8) Class Type References Notes

GG Tau .......................... Aa 0.75 K7 0.79 � 0.15 2.64 � 0.17 1 3.2 H� 42 II C 5

Ab . . . M0.5 0.73 � 0.16 3.42 � 0.14 1 3.2 H� 21 II C 5

Haro 6-37....................... B 3.89 M1 0.58 � 0.08 3.76 � 0.15 1 2 H� 184 II C 2

GH Tau .......................... A 1.04 M2 0.64 � 0.25 2.83 � 0.26 1 2 H� 10 II C 5

B . . . M2 0.81 � 0.23 2.23 � 0.23 1 2 H� 10 II C 5

LkHa 332 ....................... A 3.58 K7 0.87 � 0.10 3.06 � 0.17 1 3.2 H� 10.9 II C 5

B . . . M2.5 �0.16 � 0.14 3.29 � 0.16 1 3.2 H� 6.2 II W 5 Passive

UZ Tau E ....................... Aa–Ab 7.13 M1 0.44 � 0.2 3.67 � 0.13 1 1 H� 74. II C 2

UZ Tau W...................... A 0.28 M2 1.00 � 0.60 2.25 � 0.15 1 2.1 H� 54. II C 5

B . . . M3 1.05 � 0.61 2.68 � 0.18 1 2.1 H� 97. II C 5

DD Tau .......................... A 1.61 M3 1.16 � 0.25 3.79 � 0.14 1 2 H� 206 II C 5

B . . . M3 1.05 � 0.29 3.66 � 0.20 1 2 H� 635. II C 5

Haro 6-28....................... A 3.09 M2 0.82 � 0.30 2.23 � 0.17 1 3.1 H� 57 II C 5

B . . . M3.5 0.53 � 0.32 2.80 � 0.19 1 3.1 H� 124 II C 5

FV Tau ........................... A 6.68 K5 0.27 � 0.21 3.47 � 0.19 1 3.2 H� 15. II C 5

B . . . K6 0.95 � 0.22 3.01 � 0.17 1 3.2 H� 63. II C 5

T Tau.............................. A [0.0] K1 1.05 � 0.32 3.84 � 0.30 1 2 H� 60 II C 2

Ba–Bb . . . . . . 3.21 � 0.32 5.78 � 0.31 1 2 . . . . . . I C 2 IRC

FV Tau/c ........................ A 5.23 M2.5 0.17 � 0.05 2.29 � 0.08 1 3.2 H� 17 II W 2, 5 Passive

B . . . M3.5 1.81 � 0.08 5.40 � 0.10 1 3.2 H� 224 I C 2, 5 IRC

FQ Tau ........................... A 0.35 M3 0.59 � 0.07 2.95 � 0.11 1 1 H� 110 II C 5

B . . . M3.5 0.73 � 0.06 2.61 � 0.11 1 1 H� 23 II Wc 5 Passive

UY Aur........................... A 2.05 K7 0.94 � 0.06 4.16 � 0.10 1 2 H� 36. II C 5

B . . . M2 0.89 � 0.07 4.13 � 0.10 1 2 H� 59. II C 5

FX Tau ........................... A 2.24 M1 0.87 � 0.15 3.09 � 0.18 1 2.1 H� 13 II C 5

B . . . M4 0.55 � 0.17 2.72 � 0.17 1 2.1 H� 1 II W 5 Passive

RW Aur .......................... A [0.0] K1 1.11 � 0.22 3.93 � 0.22 1 3.2 H� 76 II C 2

B . . . K5 0.73 � 0.25 2.69 � 0.25 1 3.2 H� 43. II C 2

GG Tau .......................... Ba [0.0] M6 0.81 � 0.04 3.39 � 0.11 1 2 H� 21 II C 2

Bb . . . M7.5 0.79 � 0.17 3.22 � 0.13 1 2 H� 32. II C 2

HK Tau .......................... A 3.41 M1 0.64 � 0.04 3.14 � 0.08 10 2 H� 50. II C 4

B . . . M2 0.28 � 0.12 2.77 � 0.17 10 2 H� 12.5 II C 4

IT Tau............................. A 1.87 K3 0.24 � 0.09 2.59 � 0.12 1 2.1 H� 21.7 II C 4

B . . . M4 0.77 � 0.13 3.42 � 0.16 1 2.1 H� 147. II C 4

DK Tau .......................... A 0.35 K9 0.97 � 0.04 3.99 � 0.14 1 2 H� 31 II C 4

B . . . M1 1.02 � 0.08 3.22 � 0.15 1 2 H� 118. II C 4

UX Tau .......................... A [0.0] K5 0.76 � 0.06 1.88 � 0.12 1 2 H� 9.5 II C 2

B . . . M2 0.09 � 0.06 0.67 � 0.13 1 2 H� 4.5 III W 2

C . . . M5 0.38 � 0.12 0.51 � 0.11 1 2 H� 8.5 III W 2

V710 Tau ....................... A [0.0] M0.5 0.44 � 0.04 3.32 � 0.11 1 2 H� 69 II C 2

B . . . M2.5 0.31 � 0.04 0.29 � 0.11 1 2 H� 7.2 III W 2

HV Tau .......................... A 2.42 M2 0.07 � 0.06 0.13 � 0.14 1 1 H� 4.3 III W 2

B . . . . . . 0.73 � 0.11 4.27 � 0.17 1 1 H� 15. II C 2

NTTS 155203�2338 ..... A [0.0] . . . 0.52 � 0.04 0.11 � 0.06 1 1 Br � . . . III W 8

B . . . . . . 0.08 � 0.09 �0.27 � 0.05 1 1 Br � . . . III W 8

WSB 18.......................... A 2.66 M2 0.15 � 0.24 0.86 � 0.21 1 1 H� 8.4 III W 7

B . . . M2.5 0.49 � 0.09 2.48 � 0.13 1 1 H� 140 II C 7

WSB 26.......................... A 0.79 M0 0.70 � 0.09 2.57 � 0.14 1 1 H� 109 II C 7

B . . . M3 0.64 � 0.08 3.77 � 0.14 1 1 H� 178 II C 7

ROX 15d ........................ A 8.43 M3 0.37 � 0.12 2.00 � 0.10 1 1 Br � . . . II C 6, 8

B . . . M3 0.47 � 0.08 1.75 � 0.12 1 1 Br � . . . II C 6, 8

AS 205 ........................... A 2.41 K5 0.92 � 0.15 3.35 � 0.18 1 1 H� 220 II C

B . . . M3 0.88 � 0.13 3.37 � 0.19 1 1 H� 55 II C

WSB 19.......................... A 1.68 M3 0.62 � 0.05 4.02 � 0.07 1 1 H� 56 II C 7

B . . . M5 0.36 � 0.10 3.89 � 0.12 1 1 H� 37 II C 7

DoAr 24E....................... A 4.75 K5 0.45 � 0.17 2.63 � 0.18 9 1 Br � . . . II C 6, 8, 11

B . . . . . . 1.62 � 0.17 5.05 � 0.15 9 1 Br � . . . I C 6, 8 IRC

DoAr 26 ......................... A 1.64 M4 0.68 � 0.26 2.41 � 0.26 1 1 Br � . . . II C 6, 8

B . . . M6 0.10 � 0.22 1.88 � 0.22 1 1 Br � . . . II W 6, 8 Passive

WSB 28.......................... A 3.28 M3 �0.13 � 0.13 �0.07 � 0.11 1 1 Br � . . . III W 6

B . . . M7 0.02 � 0.44 2.24 � 0.36 1 1 Br � . . . II W 6 Passive

S CrA ............................. A 0.41 K3 1.40 � 0.11 3.39 � 0.12 1 1 Br � . . . II C 6

B . . . M0 1.33 � 0.13 3.67 � 0.14 1 1 Br � . . . II C 6



Ghez 2001). At 18 �m we have detected two class I sources, 19
class II sources, and two class III sources. We lack the sensitivity
at this wavelength to detect the majority of theWTTSs in our data
set.

While the distinction between class II and class III stars re-
mains clear in the K � ½N � index in Figure 1, the K � L index
shows some overlap. Using the Kenyon &Hartmann (1995) cut-
offs, we would expect class III stars, with only photospheric emis-
sion, to have K � LP 0:4 and the boundary between class II and
class I to be atK � L � 1:5.However, several class II objects, with
clearK � ½N � excesses, haveK � L colors consistentwith class III
objects. One possibility is that this subset of our sample has disks
with inner holes in their dust distributions.

The possibility of inner disk holes becomes even more in-
triguing when the accretion diagnostics are considered. Of the
58 class II stars, 52 have accretion information. While the major-
ity of stars with IR excess (class II ) are also accreting (CTTSs),
we find that 11% of the observed class II stars with accretion
diagnostics do not appear to be currently accreting.We define these
objects to be passive disks; the star is surrounded by significant
amounts of dust,most likely in the form of a disk, butmaterial does
not appear to be actively accreting onto the photosphere. These
objects are highlighted in Table 4 with ‘‘Passive’’ in the Notes
column and are discussed in more detail in Appendix D. Thema-
jority (66%) of the nonaccreting, passive disks also have K � L
colors that suggest the presence of an inner disk hole. A K-S test
comparing the distribution of colors between the passive disks
and class II CTTS sample shows that there is only a 0.9% prob-
ability (a 2.6 � result) that they are sampling the same distribu-
tion in K � L. On the other hand, there is no large difference in
the distributions ofK � ½N � between class II CTTSs and the pas-
sive disks (8%, or 1.8�). The passive disks appear to be associated
with the inner disk hole population.

There is a tendency (5/6) for the passive disks to reside in
mixed systems,10 where aWTTS is paired with a CTTS. There is
also a tendency for the passive disk to be present around the sec-
ondary, the lowestmass component in the binary system.Only one
passive disk is found around a primary and that is FVTau/cA. The
stellar companions to the passive disk objects appear to be normal

CTTSs orWTTSs based on theirK�L and K�½N � color indices.
Because the sample of passive disks is small, neither tendency is
statistically significant.
The passive disks are in binary systems that span almost the

entire range of separations in the sample, from 0B3 to 500. The pres-
ence of a companion star in the range of binary separations probed
here does not appear to affect whether a disk is passive or not.
Indeed, the presence of a passive disk does not appear to be re-
stricted to stars in binary systems.A comparison sample of known
single T Tauri stars with near-infrared and mid-infrared colors
available in the literature is shown in Figure 2 (see Appendix C
for sample details). We now know less about the mid-infrared
properties of single T Tauri stars than we do about those in multi-
ple systems; we therefore have a limited sample size for this com-
parison and the majority of the single-star mid-infrared colors are
based on low spatial resolution IRAS measurements. With these
caveats in mind, we find a similar fraction of passive disk systems
(1/20, or 5%) around single stars. Whatever phenomenon is re-
sponsible for the passive disks, it does not appear to be related to
the presence of a wide-separation (>30 AU) stellar companion.
A closer examination of the stellar properties of the passive

disk systems in our binary sample reveals that this phenomenon
appears to be restricted to stars with spectral types of M2.5 and
later. Dividing the class II stars into two roughly equal subsets
based on whether the spectral type is earlier or later than M2.5,
we find 0 out of 28 passive disks in the early spectral type set and
6 out of 22 in the late spectral type set. The distribution of spec-
tral types for the sample of normal class II CTTS stars is com-
pared to those of passive disks in Figure 3, which combines both
the single-star sample and binary-star sample together. In this com-
bined sample we find 0/26 passive disks for objects with spectral
types earlier than M0 and 7/46 (15%) for objects with a spectral
type of M0 or later. A K-S test on the two spectral type distribu-
tions shown in Figure 3 finds a 0.9%probability that these samples
are drawn from the same parent distribution. Since later type stars
are more chromospherically active, the H� threshold increases
with spectral type. Our correction for this employs a coarse thresh-
old approximation for an inherently continuous distribution of
upper limit chromospheric H� equivalent widths as a function of
spectral type (see x 2), raising the possibility that the nonaccre-
tion status of these passive disks may be misclassified. We have

TABLE 4—Continued

Dereddened References
b

T Tauri

Object Component Av
a

Spectral

Type K � L K � ½N � Mid-IR Near-IR Line?

EW(H� )

(8) Class Type References Notes

LkCa 3 ......................... A 1.20 . . . �0.02 � 0.04 0.26 � 0.11 1 1 . . . . . . III

B . . . . . . �0.01 � 0.05 0.07 � 0.08 1 1 . . . . . . III

HBC 411 ...................... A 6.71 . . . 0.65 � 0.05 3.41 � 0.13 1 2 . . . . . . II

B . . . . . . 0.45 � 0.09 2.36 � 0.13 1 2 . . . . . . II

V853 Oph .................... A 0.29 . . . 0.56 � 0.04 2.26 � 0.10 1 1 . . . . . . II

B . . . . . . 0.46 � 0.07 2.17 � 0.07 1 1 . . . . . . II

SR 9 ............................. A [0.0] . . . 0.62 � 0.03 2.81 � 0.10 1 1 H� 10.5 II

B . . . . . . 0.36 � 0.07 2.95 � 0.12 1 1 H� 13.8 II

Note.—Table 4 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.
a Av is measured from photometry for the combined system. Values given as [0.0] indicate an assumed extinction of 0.0 mag in cases where J � H andH � K colors

fall below the CTTS locus.
b If a reference is given as a fractional number, the unitary number reference corresponds to the K band and the fractional part corresponds to the L band.
c Hartigan & Kenyon (2003) find an EW(H� ) ¼ 23 � 48, on the border between CTTS and WTTS. Based on this, the lack of veiling and [O i] emission, and NIR

excess, they define it to be a WTTS. We use their classification here.
d ROX 15 flickers in accretion; Prato et al. (2003) see no Br� in either component, whereas Greene & Meyer (1995) and Luhman & Rieke (1999) do see Br� in the

resolved system. We went with C/C because the system is seen to be accreting at least on some occasions.
References.— (1) This paper; (2)White&Ghez 2001; (3)Woitas et al. (2001); (4) Duchêne et al. 1999; (5) Hartigan&Kenyon 2003; (6) Prato et al. 2003; (7) Brandner

& Zinnecker 1997; (8) L. Prato, private communication; (9) Stanke & Zinnecker 2000; (10) McCabe et al. 2003; (11) Doppmann et al. 2003.

10 One passive disk, WSB 28, is in a WTTS-WTTS pair.
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Fig. 1.—Infrared colors for our sample. Top: Dereddened K � L vs. K � ½N � color plane. The symbol type represents the accretion status: actively accreting (red open
circle), not accreting (blue filled circle), or accretion status unknown (black triangle). The K � ½N � color definitions for the different T Tauri classes are also shown, along
with theK � L color limit used to definewhether the dereddened color is in excess of that expected from a photosphere. Of particular note is that 10%of the class II stars are
not accreting (i.e., are passive disks) and these systems, on average, have lower K � L colors than accreting class II stars. Bottom: DereddenedK � ½N � vs. ½N � � 18 color
plane, with symbol types the same as in the top panel.



checked the passive disks that have H�measurements to see how
close to the limit the H� level is. Although FQ Tau B is a border-
line CTTS/WTTS case, LkHa 332 B, FV Tau/c A, and FX Tau B
are unambiguous. These results suggest that the presence of a
passive disk with an inner disk hole appears to be dependent on
the spectral type, and hence mass, of the central star.

5. DISCUSSION

Approximately 10% of all class II T Tauri stars, with signifi-
cant evidence for a circumstellar disk at 10 �m, do not appear to
be currently accreting. Previous work has shown that the accre-
tion flow in T Tauri stars is quite variable (e.g., Smith et al. 1999;
Alencar et al. 2001; Alencar & Batalha 2002; Littlefair et al.
2004), suggesting that a misidentification of WTTS/CTTS status
can occasionally occur. If what we are observing is entirely the re-
sult of a stochastic accretion process, then the sample of observed
passive disk stars suggests that, on average, class II stars spend
approximately 10% of their CTTS lifetime in a nonaccreting
state. As we point out in Appendix D, a couple of the candidate
passive disk objects may in fact be undergoing stochastic accre-
tion. However, a variable accretion flow cannot account for the
observed link between a nonaccreting disk and the presence of
an inner disk hole or the observed spectral type/mass dependence.
In the following subsections we explore two mechanisms that can
reproduce the observed inner disk hole in the passive disk sys-
tems: (1) the presence of a nearby, as yet unresolved companion
(either stellar or substellar /planetary in mass; x 5.1), or (2) disk
evolution (x 5.2).

5.1. Evidence for Unresolved Companions?

In principle, the presence of a nearby companion could repro-
duce the observed inner disk hole and, potentially, the lack of sig-
nificant accretion through star-disk or planet-disk interactions.
Such companions could not have been imaged around the passive

disk systems in our sample as they would have been too close to
resolve, and radial velocity monitoring of these objects has, to the
best of our knowledge, not been done. In systems with a stellar
companion (with mass ratiosP10), resonances between the orbit
of the star (with semimajor axis a) and that of the dust in the disk
will dynamically clear out material up to 2a–3a, depending on
the eccentricity of the orbit (Artymowicz & Lubow 1994). For
planetary mass companions it is generally assumed that the disk
clearing occurs essentially at the apoastron of the planet’s orbit
(e.g., Quillen et al. 2004). Because the near-infrared and mid-
infrared excesses arise from the inner few AU of the disk, only
systems with companions at separations on order of 1 AU could
lead to the absence of such excesses. Consistent with these pre-
dictions, observed spectroscopic binaries with separations less
than�0.3 AU do not show the characteristics of the passive disk
systems; they have K � L excesses and accretion can still occur
across the disk gap (e.g., DQ Tau, Mathieu et al. 1997; AK Sco,
Alencar et al. 2003; NTTS 162814�2427, Jensen & Mathieu
1997), whereas there are two systems with either known or puta-
tive companions at separations on the order of a few AU that
would be classified by us as passive disks: HD 98800 B (K5 com-
bined spectral type), which has a known stellar companion at an
apoapstron distance of 1.6 AU (e.g., Koerner et al. 2000; Prato
et al. 2001), and CoKu Tau 4 (an M1.5 star), whose spectral en-
ergy distribution has been modeled assuming an undetected com-
panion withM > 0:1MJ at 10 AU (Quillen et al. 2004; D’Alessio
et al. 2005). Thus, companions with separations on order of 1 AU
are capable of mimicking the color and accretion properties of
the passive disk systems.
While a stellar or substellar companion a few AU from the

star could be responsible for the observed lack of accretion and
presence of an inner disk hole, companions are unlikely to be the
explanation for all the observed passive disks. The period distri-
bution for stellar companions to M-type dwarfs (for separations
P10AU) is very similar to that aroundG- andK-type dwarfs, with
approximately 10% of the stars having a companion in the 0.3–
3AU separation range (Duquennoy&Mayor 1991;Marchal et al.
2003). If all the passive disks were caused by a stellar companion
in this separation range, wewould be equally likely to find passive
disks around K-type stars asM-type stars in our sample, which is

Fig. 2.—K � L vs. K � ½N � dereddened color plane for a sample of single
stars fromWhite &Ghez (2001) and Barsony et al. (2003). Open circles represent
CTTSs, whereas filled circles represent WTTSs. Of the 20 class II stars in the
sample, 1 is not accreting, corresponding to a 5% detection rate of passive disks in
single stars, similar to that seen in binary systems.

Fig. 3.—Histogram of the spectral types for all class II CTTSs in both our
binary-star sample and single-star sample. For comparison, the distribution of spec-
tral types for the passive disk stars is overplotted (hatched region). All passive
disks are found around M-type stars, and a K-S test demonstrates that these two
distributions are unlikely to have been drawn from the same parent population.
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not the case. The observed mass dependence also suggests that
substellar or planetary companions are not the probable cause.
As Butler et al. (2004) show, planets with separationsP1 AU are
�5 times less likely to occur around M-type stars than around
G- or K-type stars. Therefore, the fact that all the passive disks
occur solely aroundM-type T Tauri stars makes the presence of a
companion, either stellar or substellar, an unlikely explanation
for the group as a whole.

5.2. Evidence for ‘‘Inside-Out’’ Disk Evolution

The transition from the class II to the class III stage has been
the focus of a number of recent theoretical investigations. Differ-
ent physical processes that could be responsible for disk evolution
will produce different signatures in the color plane as a function of
time. There are three classes of models that we investigate here.
The first is the homologous disk evolution of Wood et al. (2002),
in which the disk structure remains constant and the only property
that evolves is the disk mass. The second is the magnetospheric
disk accretion models, which investigate the viscous evolution
of disks in the presence of magnetospheric interactions between
a disk and a star (e.g., Kenyon et al. 1996; Armitage et al. 1999).
Finally, there are models in which the disk evolution is driven by
the competing effects of the ionizing flux from the central star,
which creates a disk wind, and the viscosity (Hollenbach et al.
1994; Clarke et al. 2001). In this section we use the observed
properties of the passive disk systems to constrain which model
(and associated physical processes) is most likely responsible for
disk evolution. The observed passive disk properties we use are
(1) the evidence for an inner disk hole, as determined through
photospheric K � L colors and optically thick, disklike K � N
colors; (2) the fact that these systems only occur around M-type
stars; and (3) the observed fraction of such systems: 10% of the
entire class II sample (including both singles and binaries), or,
more accurately, 0% for K-type class II stars and 15% forM-type
class II stars.

Wood et al. (2002) model the near- and mid-infrared colors of
a typical T Tauri disk under the assumption that the disk evolves
through a reduction in the disk mass while maintaining a con-
stant disk structure. They find that the observed spread of K � L
and K � N colors can, in general, be reproduced by disks of dif-
ferent masses observed at varying disk inclinations. However,
Wood et al. (2002) point out that the constant disk structure in
this model assumes that disks with inner holes will not develop
as the disks evolve. With�10% of our class II stars showing ev-
idence for an inner disk hole, we can reject this model.

Models that investigate the viscous evolution of magneto-
spheric T Tauri disks (e.g., Kenyon et al. 1996; Armitage et al.
1999) find that disks evolve in an inside-out manner. The radius
of the inner edge of a magnetically truncated disk is determined
by the balance between the magnetic torques and viscous torques
in the disk. As the system ages and the mass accretion rate drops,
the radius at which this balance occurs increases; hence, an inner
disk hole forms and evolves with themass accretion rate andmag-
netic field strength. The disks are predicted to evolve in theK � L
versus K � N color plane through a phase with photospheric
K � L and disklikeK � N colors, suggesting that the passive disk
systems could represent a population that is in the process of dis-
persing their inner disk material. Hartmann (1998) shows that
the size of the inner disk hole is dependent on a number of pa-
rameters (such as stellar radius, accretion rate, andmagnetic field
strength), most of which are themselves dependent on the stellar
mass. Because of the complexity in the interplay between the pa-
rameters, the exact dependence remains unknown, however, and
so the presence of a spectral type dependence in the observations,

while not inconsistent with this model, cannot currently constrain
it. The model does fail, however, to accurately predict the ob-
served fraction of such systems in the sample as a whole. In this
model, disk evolution is driven by the decline in accretion rate
over time and occurs on the viscous timescale of the entire disk
(which scales with the outer radius of the disk and viscosity pa-
rameter as R2

outer /�). Calculations of the observed disk colors as a
function of time predict that roughly 50%of all class II stars should
be detected with photospheric K � L colors and K � N > 2, a
factor of 5 too large compared to our observations.

Clarke et al. (2001) investigate disk evolution with the inclu-
sion of disk photoevaporation. An ionizing flux from the central
star creates a disk wind that is launched beyond some critical ra-
dius, Rg ¼ GM�/c

2
s . As the mass accretion rate declines with

time, there comes a point when the mass loss in the disk wind at
Rg exceeds the mass accretion into the disk region inside that ra-
dius. The lack of replenishment in the inner disk region causes it
to evolve on its own short viscous timescale, producing a rapid
removal of material (Clarke et al. 2001; Armitage et al. 2003).
This provides the potential for a rapid transition in disk evolution,
with the inner disk region clearing out on a timescale on the order
of 105 yr for a 1M� T Tauri star. The removal of material at radii
smaller than Rg after the mass accretion rate has declined yields
photospheric colors at wavelengths shorter than some critical
value and optically thick colors at longer wavelengths, with the
critical wavelength depending only on the size of the inner disk
hole. In Clarke et al. (2001) the photoionizing photons from the
central star were assumed to have a constant flux over time. They
state that the source of ionizing photons cannot be predominantly
powered by the accretion flow because as the accretion rate drops
over time, this process will essentially become ineffective. Indeed,
Matsuyama et al. (2003) show that if the source of ionizing flux is
from the accretion shock, with the flux declining over time, a disk
gap around Rg forms but the inner disk does not clear out any
faster than the outer disk. More recently, Alexander et al. (2004a,
2004b, 2005) have explored alternative, constant sources of ultra-
violet (UV) photons and have concluded that chromospheric
far-UV photons in T Tauri stars potentially can provide a high
enough flux, causing the inner disk to rapidly clear once the accre-
tion rate drops. Within this scenario, our sample of passive disks
can be interpreted as objects that have already undergone inner
disk clearing. The observed fraction of passive disks around
M-type stars (15%) suggests that this phase of disk evolution,
with a cleared inner disk region, lasts for several times 105 yr.
This model also predicts a strong dependence on the mass of the
central star as the disk radius at which a diskwind can be launched
scales linearly with the stellar mass. The Clarke et al. (2001)
model predicts that while a 1.5 M� star will have an inner disk
hole out to 10 AU, a 0.25M� star will have an inner disk hole that
extends out to only 1–2 AU. Consequently, the reason we detect
passive disks solely around M-type stars is purely a selection ef-
fect: because our survey covers only the 2–10 �m region, we can
only detect disk holes up to �3 AU in size. We would detect a
1.5 M� star with a larger disk hole as a class III, diskless object.
In this framework, we therefore predict that Spitzer observations
across the 3–160 �m region will identify a number of systems
with 5–15AU inner disk holes aroundG andKTTauri stars, and
that the size of the inner hole will scale linearly with the stellar
mass. Furthermore, a direct consequence of the linear relation
between stellar mass and inner hole size is that the timescale
required for the inner disk region to clear is also dependent on the
stellar mass. This is because the inner disk clears on its own vis-
cous timescale, which scales as R2

g /�. We therefore predict a
higher likelihood of detecting objects in the process of clearing
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their inner disk around higher mass T Tauri stars, a prediction
that can be tested with Spitzer.

To summarize, the homologous disk evolution of Wood et al.
(2002) can be discounted by the detection of the passive disk
systems with inner disk holes, and models of magnetospheric
disk evolution that evolve on a purely viscous timescale cannot
recreate the small fraction of observed passive disks. However,
models that incorporate the effects of both viscous evolution and
disk photoevaporation can recreate all the observed properties of
these systems.

While the disk photoevaporation evolution models seem to be
successful at describing the evolution of the inner edge of the
disk, the evolution of disk material farther out is still not well
understood. Beyond the disk wind launch radius, disk material re-
mains and continues evolving on a viscous timescale (Clarke et al.
2001). In star-forming regionswhere external photoionization does
not cause the disk to evolve in an outside-in manner, the models
predict a remaining outer disk annulus of gas and dust. However,
millimeter surveys of T Tauri stars find that only �10% of all
WTTSs have associated millimeter continuum emission (e.g.,
Duvert et al. 2000; Osterloh & Beckwith 1995). The disk evo-
lution timescale therefore does not seem to have a strong radial
function. Recent work by Takeuchi et al. (2005) suggests that the
solution may be the differential radial motion of dust grains and
gas particles in circumstellar disks; for T Tauri disks with 1 mm
grain sizes, the dust particles shouldmigrate inward on a timescale
an order of magnitude faster than the gas; by the time the disk has
started the inside-out evolution process, the outer disk is already
depleted of dust grains, leaving a gas-rich disk behind. It is clear
that investigating the outer disk structure of candidate passive
disks, in both dust and gas emission, will help explore this idea
further. Our 18 �m data do not have the sensitivity to investigate
this question; of the four candidate passive disks observed at 18�m
in our sample, only one system was wide enough and bright
enough to provide resolved photometry for each component. For
FX Tau B, the passive dust disk does seem to extend out to far-
ther radii. Future deep mid-infrared images of these systems will
be able to pinpoint the radial distribution of small dust grains.

6. SUMMARY

Mid-infrared and near-infrared observations of a sample of
65 binary systems are presented, increasing the number of T Tauri
binary systems with resolved 10 �m data by a factor of 5. We

have discovered a sample of class II stars, with clear evidence for
optically thick disk emission in the mid-infrared, that do not ap-
pear to be currently accreting. The majority of these passive disks
have an inner disk hole, determined through the lack of near-
infrared excess, and all of them occur only around the lowest
mass stars (M type) in our sample. These observations are con-
sistent with models that include inside-out disk evolution. In par-
ticular, the observed frequency and spectral type/mass dependence
of the passive disk systems, in the 2–10 �m region covered in this
survey, are supportive of models that include a photoevaporative
diskwind caused by an ionizing flux from the central star. A strong
prediction of the photoevaporationmodels is that there should be a
sample of systems with larger inner disk holes (5–10 AU) around
higher mass stars, with the size of the disk hole scaling with stellar
mass. Such systemswould not be detectable in the 2–10 �m study
presented here; a multiwavelength mid-infrared study of T Tauri
stars, which will be available through Spitzer, will be able to deter-
mine whether photoevaporative disk wind models can adequately
describe T Tauri disk evolution over a range of stellar masses.
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APPENDIX A

LINE-OF-SIGHT EXTINCTION

Typically, the line-of-sight extinction to a star is estimated by measuring the excess color of the star, in comparison to that expected
from the photosphere, in bandpasses that are dominated by photospheric emission rather than disk emission. Such a method is not open
to us; we lack spectral types for each individual star in approximately 40% of the binary systems in our sample. Furthermore, a number
of these systems have not been resolved at optical (R or I band) wavelengths where the photosphere dominates the flux density. Instead,
a secondary method of determining extinction was applied. Meyer et al. (1997), using the sample of T Tauri stars from Strom et al.
(1989), found that the CTTSs, dereddened using Av determined from the R� Ic excesses, defined a narrow locus in the (J � H )CIT ver-
sus (H � K )CIT color-color plane. We therefore compared the near-infrared colors of the observed binary systems with the CTTS locus
defined by Meyer et al. (1997) in order to estimate the line-of-sight extinction.

Using the 2MASS database, J, H, and K photometry was obtained for stars in the sample. For most stars, the 2MASS data do not
resolve the binary components and therefore provide composite fluxes only. Themagnitudes obtained from 2MASSwere converted into
CIT magnitudes using the filter transformations from Carpenter (2001). Using the equation in x 3.1 of Prato et al. (2003), which relates
the visual extinction with the distance between the CTTS locus and the stellar position in the (J � H )CIT versus (H � K )CIT color-color
diagram, the visual extinction,Av , was calculated for eachbinary system in our sample. TheAv values calculated using thismethod are given
in Table 4. A few stars did not have 2MASS photometry and some (18% of sample) had initial positions that were below the CTTS locus,
possibly the result of scattering from circumstellarmaterial or photometric variability. As theAv values cannot be determined in this case,we

McCABE ET AL.946 Vol. 636



have arbitrarily set them to have Av ¼ 0:0. The observed mid-infrared and near-infrared colors are dereddened using the Rieke &
Lebofsky (1985) extinction coefficients for the K-, L-, and [N ]-band fluxes and using the 18 �m extinction coefficient from Allen’s
Astrophysical Quantities.

APPENDIX B

ABSOLUTE PHOTOMETRIC CALIBRATION

During each night’s observations, a number of photometric standards were observed. While these standards have known flux densi-
ties for a number of mid-infrared filters, this project has used a large number of both broadband and narrowband filters that differ slightly
from those in the literature. We have therefore recalibrated the standards in each of the filters used. The standards can be split into two
groups: ‘‘primary’’ standards that have absolutely calibrated photometry and a template stellar spectra, available through the Cohen-
Walker radiometric network (Cohen et al. 1992, 1995, 1999), and ‘‘secondary’’ standards that have their absolute calibration estimated
through relative photometry with any primary calibrators observed on the same night.

Absolute calibration of the primary standards was done by taking the published, absolutely calibrated, stellar templates and
integrating the stellar spectra (Fk) through the filter bandpass (Bk), the instrument detector QE (DQE), and the atmospheric transmission
(Tatmos):

FBlter ¼
Z

FkTatmos DQEð ÞBk

Tatmos DQEð ÞBk
dk:

DQE and filter transmission curves for the LWS and OSCIR instruments were provided by R. Campbell and S. Fisher, respectively.
The model atmosphere used is the ATRANS atmospheric transmission model by Lord (1992) and includes 1 mm of precipitable water.
These models are available on the Gemini Web site.11 Models with precipitable water varying from 1 to 5 mmwere tested. For all band-
passes used in this study, changing the atmospheric water content changed the total weighted flux by less than 1%, well below the obser-
vational uncertainties of the data. The resulting flux densities for these primary photometric calibrators, in janskys, are reported in Table 5
for each filter used. Using the subset of the observed standards that also have fluxes estimated by theOSCIR team to compare themeasured
zero points, we find that the flux densities are consistent to within�6% and<1% for the N-band filter and IHW18 filter, respectively.

The secondary standards are calibrated through relative photometry to primary standards that are observed on the same night, under
photometric conditions. The observed flux ratios are converted into fluxes using the primary standard fluxes. The average and standard
deviation of the measured fluxes for the secondary standards are also provided in Table 5. For those standards observed only during non-
photometric nights we have adopted the OSCIR team’s photometry, if available. These are indicated by fluxes placed inside square
brackets.

TABLE 5

Flux Densities of Calibrators

OSCIR (Jy) LWS (Jy)

Name N IHW18 8.8 �m 12.5 �m SiC

Primary Calibrators

� Lyr....................... 33.99 11.96 49.26 24.96 28.24

� Boo ...................... 20.81 7.52 28.23 15.72 17.8

� Aql ....................... 66.11 24.29 89.2 50.47 56.78

� Boo...................... 619.12 219.21 877.25 457.78 520.11

� Ari ....................... 68.8 24.93 95.37 51.72 58.52

	 Peg....................... 323.50 122.23 439.96 246.84 278.75

10 And .................... 5.07 1.87 6.73 3.91 4.42

HD 27482 ............... 5.95 2.33 7.86 4.78 5.25

HD 1240 ................. 8.35 3.08 11.08 6.44 7.27

Secondary Calibrators

� CrB...................... 4.24 � 0.25 1.35 � 0.01 6.36 � 0.6 3.3 � 0.2 . . .
� CMi..................... 69.73 � 5.38 23.1 � 0.6 . . . . . . 53.88 � 0.58

� Sco ...................... [2269] [815.75] . . . . . . . . .

� Sco ....................... 6.09 � 0.9 2.89 � 0.3 . . . . . . . . .

� UMa..................... [96.46] [34.02] . . . . . . . . .
SAO 90816 ............. 11.03 � 0.9 3.56 � 0.1 . . . . . . . . .

11 See http://www.gemini.edu/sciops/ObsProcess/obsConstraints/ocTransSpectra.html.
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Throughout this paper we assume that � Lyr has 0.00 mag in each bandpass used. While Vega does have a circumstellar shell, the
excess emission from this dust does not occur at wavelengths shorter than 20 �m (e.g., Cox 2000).

APPENDIX C

KNOWN SINGLE T TAURI STARS

A comparison sample of T Tauri stars that have been determined to be single has been compiled from Table 7 from White & Ghez
(2001) for Taurus sources and from Barsony et al. (2003) for Ophiuchus sources. We only include sources that have their single status
determined using high-resolution observations, including speckle interferometry (Leinert et al. 1993; Ghez et al. 1993; Ageorges et al.
1997; Barsony et al. 2003) and lunar occultation and imaging (Simon et al. 1995). A literature search on these known single stars was
made in order to obtain K-, L-, and N-band information, as well as accretion information from either H� or Br� line emission. The total
sample is comprised of 27 objects that have near- and mid-infrared disk color indices, an H� measurement of accretion, and an estimate
of the visual extinction from 2MASS photometry. These are listed in Table 6, along with the spectral type, estimated visual extinction
(see Appendix A for method), observed colors, and equivalent width of H� line emission for the star. The reference source for multi-
plicity is given in the ninth column, and the observational method used is listed in the twelfth column.

APPENDIX D

THE PASSIVE DISK CANDIDATES

In this appendix we provide a summary of each passive disk candidate presented in this work, identified through the observed
combination of a class II–like K � ½N � excess and lack of accretion. As pointed out in x 5, our analysis rests on the statistical nature of
this subset as a whole; however, for any one of these objects the observed properties may be caused by one of the other possibilities we
have raised (i.e., varying accretion flow, the presence of a nearby companion).

WSB 28.—This 500 binary system in Ophiuchus is one of the smallest mass ratio systems (q � 0:1, according to the tracks of Baraffe
et al. 1998, 2003) in our sample. It is also the only nonmixed binary system that contains a passive disk; both components areWTTSs as
indicated by a lack of Br� emission (Prato et al. 2003). No H� equivalent widths have been measured for either individual component.

TABLE 6

Single Stars

Observed
a

T Tauri

Star Spectral Type Av K � L K � ½N � References

EW(H�)
(8)

EW(H�)
References

Multiplicity

References Class Type

Observation

Method Notes

GM Aur........ K3 0.25 0.33 � 0.06 3.63 1 96 5 10 II C Speckle

CW Tau........ K3 1.22 1.20 � 0.24 3.33 � 0.19 1 135 5 9, 10 II C Speckle

DS Tau ......... K5 0.00 0.71 � 0.08 3.13 1 59 5 10 II C Speckle

LkCa 15 ....... K5 0.41 0.57 � 0.06 2.48 1 13 5 10 II C Speckle

BP Tau ......... K7 0.72 0.57 � 0.23 2.93 � 0.29 1 40 6 9 II C Speckle

GK Tau ........ K7 0.32 0.85 � 0.07 3.21 � 0.21 1 22 7 9 II C Speckle

AA Tau......... K7 0.72 0.90 � 0.12 3.12 � 0.19 1 37 5 10 II C Speckle

DL Tau ......... K7 0.00 1.21 � 0.34 3.43 � 0.20 1 105 5 10 II C Speckle

GI Tau .......... K7 0.93 0.96 � 0.18 3.74 � 0.08 1 20 7 9, 10 II C Speckle

CI Tau .......... K7 1.68 0.90 � 0.17 3.36 1 102 5 9, 10 II C Speckle

DN Tau ........ M0 0.95 0.55 � 0.22 2.53 � 0.11 1 12 5 10 II C Speckle

IP Tau........... M0 0.37 0.89 2.80 1 11 5 10 II C Speckle

DO Tau ........ M0 1.52 1.21 � 0.19 3.85 � 0.17 1 100 5 9, 10 II C Speckle

DP Tau ......... M0.5 2.63 0.95 � 0.29 3.80 1 85 5 10 II C Speckle

DE Tau......... M1 1.18 0.97 � 0.35 2.85 � 0.13 1 54 6 9 II C Speckle

DM Tau........ M1 0.25 0.83 � 0.18 4.45 1 139 5 10 II C Speckle

FM Tau ........ M1 0.33 0.70 � 0.24 2.53 1 62 7 10 II C Speckle

DH Tau ........ M2 0.25 0.64 � 0.05 2.44 � 0.79 1 72 7 9 II C Speckle

V827 Tau ..... K7 0.00 0.10 � 0.18 0.31 1 1.8 5 10 III W Speckle

LkCa 4 ......... K7 1.03 0.18 0.08 1 5 6 10 III W Speckle

HBC 374...... K7 2.45 0.01 � 0.16 0.30 1 3 6 9, 10 III W Speckle

V819 Tau ..... K7 2.52 0.21 0.61 1 1.7 6 9, 10 III W Speckle

IQ Tau .......... M0.5 1.02 0.96 3.1 1 8 5 9, 10 II W Speckle Passive

LkCa 1 ......... M4 1.30 0.07 0.54 1 4 5 10 III W Speckle

SR 4 ............. K5 1.25 0.84 3.29 2, 3 84 5 9, 11 II C Speckle/ lunar

ROX 7.......... K7 6.23 0.29 <1.59 3 1.5 8 12 . . . W Speckle

ROX 44........ K3 0.90 0.77 2.6 4 54 5 11, 13 II C Speckle/ lunar

a Uncertainties in the observed colors are given when available in the literature.
References.— (1) Kenyon & Hartmann 1995; (2) Myers et al. 1987; (3) Wilking et al. 1989; (4) Rydgren et al. 1976; (5) Herbig & Bell 1988; (6) Strom& Strom1994;

(7) Hartigan et al. 1994; (8) Bouvier &Appenzeller 1992; (9) Ghez et al. 1993; (10) Leinert et al. 1993; (11) Simon et al. 1995; (12) Ageorges et al. 1997; (13) Barsony et al.
2003.
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Wilking et al. (1987) do, however, list the primary as having a weak H� measurement. K-band photometry of the primary has been ob-
tained on three separate occasions, including thiswork; the object appears to be photometrically stable (�K ¼ 0:03mag; standard deviation
from 2MASS; Prato et al. 2003 and this work). Along with Prato et al. (2003), we have obtainedK-band photometry on the secondary; this
component also appears stable within the observational uncertainties. There are a number of line-of-sight extinction measurements,
obtained using different methods; the CTTS locus method applied here finds an Av of 3.3 mag for the system as a whole, similar to that
found by Bontemps et al. (2001; Av ¼ 4:3 mag). Both combined measurements are intermediate in value between the Av determined
for each individual component, measured by spectral fitting, which finds an Av of 5:1 � 0:6 and 2:5 � 1 mag for the primary and sec-
ondary, respectively (Prato et al. 2003). Dereddening the observed colors with any of the above Av measurements does not change the
classifications for each object; the primary continues to have no excess in either K � L or K � ½N �, whereas the secondary, while lack-
ing a K � L excess, shows K � ½N � > 2, indicating that this object may have an inner disk hole. While the observational uncertainties
on the color of the secondary are fairly large, it would take a 3.4 � change for the object to fall in the class III region and cease to be
regarded as a passive disk.

DoAr 26.—This M4/M6 2B2 binary system is a mixed pair: the primary is a CTTS [EW(Br�) ¼ 2:2 8] and the secondary a WTTS
(nondetection of Br�; Prato et al. 2003). No H� measurements that resolve both components are available; theWilking et al. (1987) H�
survey qualitatively measures an H� level of 2 (on a scale of ‘‘weak’’ to ‘‘5’’) for the combined binary system. A comparison of all re-
solved ground-based near-infrared photometry on this binary system finds that theK-band flux of both components is stable, with an rms
of 0.1 mag for each component (Koresko 2002; Prato et al. 2003; this work). Resolved L-band magnitudes of this system are provided
only by Koresko (2002) and this work. Koresko (2002) finds K � L ¼ 0:7 � 0:3 for the secondary, which differs by 2 � from the value
wefind and is associatedwithmuch larger observational uncertainties. Additional, near-simultaneous,K- and L-bandmeasurements are de-
sirable to explore how variable this system is. The Av toward the system as a whole, measured using the CTTS locus method, is 1.64 mag,
intermediate between the valuesmeasured from spectral fits for the primary and secondary (Av ¼ 3:3 � 1:2 and 1 � 0:9mag, respectively;
Prato et al. 2003). The dereddenedK � ½N � colors of this CTTS-WTTS system are class II–like for both objects; the class II classifica-
tion does not change nomatter which Av measurement listed above is used. The dereddenedK � L colors clearly indicate an excess for
the primary and none for the secondary.While the primary is clearly a class II CTTS object, the secondary shows evidence for an inner
disk hole and a lack of accretion.

FQ Tau.—This system appears to be highly variable. Hartigan & Kenyon (2003) find that it is an M3/M3.5 0B73 binary, with both
components showing H� in emission, with an equivalent width of 110 � 5 and 23 � 4 8 for the primary and secondary, respectively.
On the basis of H� alone, the secondary would be classified as a borderline CTTS/WTTS. Hartigan & Kenyon (2003), however, also use
the lack of [O i] line emission and veiling in the secondary to classify FQ Tau B as a WTTS, which is the designation we use here.
Photometrically, this system varies considerably, with the brightest component at both K and L band inverting between the results
presented in White & Ghez (2001) and those in Table 3. During 1997, White & Ghez (2001) found the southwestern component to
be the brightest at 2.2 �m, with observed (and not dereddened) near-infrared colors of K � L ¼ 0:43 � 0:11 and 0:37 � 0:11 mag for
the primary and secondary, respectively. In comparison, during 2001, we found the northeastern component to be brighter by �0.3 mag
in the K band, with observed (not dereddened) near-infrared colors of K � L ¼ 0:61 � 0:07 and 0:75 � 0:06 mag for the primary and
secondary, respectively. The Av measurement using the CTTS locus (Av ¼ 0:35 mag) is smaller than those measured from a fit to the op-
tical spectra (Av ¼ 1:95 and 1.8 mag for the primary and secondary, respectively; Hartigan & Kenyon 2003). The dereddened K�½N �
colors are class II for both components, as are the K � L colors; no evidence for an inner disk hole is found using our more recent
K- and L-band photometry. Dereddening with either set of Av measurements does not change the classification for either com-
ponent. We consider this object to be a borderline candidate passive disk and recommend follow-up observations.

FX Tau.—Duchêne et al. (1999) resolved the individual components in this 0B85 binary system spectroscopically, finding spectral
types ofM1 andM4 for the primary and secondary, respectively, with an uncertainty of two subclasses for each designation. They found
an H� equivalent width of 13 and 1 8 for the primary and secondary, respectively, indicating that this is a mixed CTTS-WTTS binary
system. The resolved H� measurements are consistent with previous H� measurements on the combined binary system (14.5 8;
Kenyon et al. 1998); Pa	 and Br� are also seen in emission (Muzerolle et al. 1998; Folha & Emerson 2001). The resolved K-band pho-
tometry used is fromWhite &Ghez (2001), which provides an average of all resolvedmagnitudes available in the literature. As such, the
observedK � L color given in Table 3 was not derived from simultaneous measurements. Our observed L-bandmagnitudes, 7:6 � 0:05
and 8:65 � 0:06mag for primary and secondary, respectively, agree well with theWhite &Ghez (2001) measurements (7:49 � 0:1 and
8:67 � 0:1 mag, respectively). The line-of-sight extinction, measured using the CTTS locus method, has an Av of 2.24 mag, similar to
the value (Av ¼ 1:08 mag) measured from the optical colors given in Kenyon & Hartmann (1995). The dereddened K � L and K � ½N �
colors in Table 4 are clearly class II colors, suggesting that this object may be in fact undergoing variable accretion as discussed in x 5.

LkHa 332.—The 0B34 binary system was spectroscopically resolved by Hartigan & Kenyon (2003) into a K7/M2.5 pair, with H�
equivalent widths of 10:9 � 0:6 and 6:2 � 0:6 8, respectively, making it a CTTS-WTTS mixed pair, although the CTTS classification
for the primary is borderline. This object appears to undergo significant variation in H� emission; previous narrowbandH� WFPC2 ob-
servations found equivalent widths of 45 and 17 8 for the primary and secondary, respectively, which, again, would classify it as a
CTTS-WTTS pair (White &Ghez 2001). However, classification of this object in the literature is inconsistent. Both Hartigan&Kenyon
(2003) andWhite &Ghez (2001) classify this binary system as a CTTS-CTTS. According to Tables 3 and 4 inHartigan&Kenyon (2003),
veiling is not present at a >2 � level in either component (note that this is contrary to their Table 7, which states that it is present for the
secondary component; we assume that this is a typo). The only emission-line evidence for active accretion in the secondary is the pres-
ence of the [O i] k6300 line, which is strangely absent in the CTTS primary. Further spectroscopic follow-up on this close binary
system is needed. Using the H� measurements, we refer to this as a CTTS-WTTS system. For calculating the near-infrared color, we
have combined the 1997 K-band measurement of this object from Woitas et al. (2001) with the L-band average measurement pro-
vided by White & Ghez (2001); we do this rather than use an average K-band measurement to minimize any photometric vari-
ability. This provides an observed K � L color of 1:06 � 0:1 and 0:03 � 0:14 mag for the primary and secondary, respectively. The
average observed K � L colors from Woitas et al. (2001) for these objects (0:97 � 0:11 and 0:32 � 0:31 mag, respectively) show that
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photometric variability is likely present; near-simultaneous K- and L-band photometry on this system would clearly be useful. The line-
of-sight extinction estimated through the CTTS locus method is Av ¼ 3:58 mag, which is approximately 1 mag larger than the Av found
through a fit to the spectroscopic data by Hartigan & Kenyon (Av ¼ 2:8 and 2.3 mag for the primary and secondary, respectively).
The dereddened colors find clear K � ½N � excesses in both components, independent of the Av measurement used. The K � L color
of the secondary, however, shows evidence for an inner disk hole, although the lack of simultaneous measurements places some
uncertainty on this.

FV Tau/c.—A 0B67 binary system, FV Tau/c has been spectroscopically resolved into an M2.5/M3.5 pair by Hartigan & Kenyon
(2003). The system appears to be a mixedWTTS–class I pair, which is quite unusual, with the WTTS designation for the primary com-
ing fromH� equivalentwidthmeasurements and the lack of veiling and [O i] emission (White & Ghez 2001; Hartigan & Kenyon 2003).
The secondary has very large and variable H� equivalent widths (White & Ghez 2001; Hartigan & Kenyon 2003), and White & Ghez
(2001) classify it as a high-accretion star. We combine the 1995 K-band measurement from Woitas et al. (2001) with the average L-band
photometry from White & Ghez (2001) in order to minimize the uncertainty from photometric variability; these colors do not represent
near-simultaneous measurements. The Av estimated from the CTTS locus method is 5.23 mag, a value in between the measured Av from a
fit to the optical spectra by Hartigan & Kenyon (2003), who find Av ¼ 3:25 and 7 mag for the primary and secondary, respectively. The
dereddened K � ½N � colors are class II and class I for the primary and secondary, respectively, independent of the Av measurement used,
whereas the K � L colors of the primary are below the K � L photospheric cutoff used, suggesting the presence of an inner disk hole.
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