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ABSTRACT

We present the results of a search for companions to young brown dwarfs in the Taurus and
Chamaeleon I star forming regions (7 ~ 1 and 2-3 Myr). We have used the Wide Field Planetary
Camera 2 on board the Hubble Space Telescope to obtain F791W and F850LP images of 47 members of
these regions that have spectral types of M6-L0 (M ~ 0.01-0.1 My). An additional late-type member
of Taurus, FU Tau (M7.25+M9.25), was also observed with adaptive optics at Keck Observatory. We
have applied PSF subtraction to the primaries and have searched the resulting images for objects that
have colors and magnitudes that are indicative of young low-mass objects. Through this process, we
have identified promising candidate companions to 2MASS J04414489+4-2301513 (p = 07105/15 AU),
2MASS J04221332+1934392 (p = 0705/7 AU), and ISO 217 (p = 0703/5 AU). We reported the dis-
covery of the first candidate in a previous study, showing that it has a similar proper motion as the
primary through a comparison of astrometry measured with WFPC2 and Gemini adaptive optics.
We have collected an additional epoch of data with Gemini that further supports that result. By
combining our survey with previous high-resolution imaging in Taurus, Chamaeleon I, and Upper Sco
(7 ~ 10 Myr), we measure binary fractions of 14/93 = 0.151505 for M4-M6 (M ~ 0.1-0.3 M) and

4/108 = 0.0415:03 for >M6 (M < 0.1 M) at separations of > 10 AU. Given the youth and low density
of these three regions, the lower binary fraction at later types is probably primordial rather than due
to dynamical interactions among association members. The widest low-mass binaries (> 100 AU)
also appear to be more common in Taurus and Chamaeleon I than in the field, which suggests that
the widest low-mass binaries are disrupted by dynamical interactions at >10 Myr, or that field brown
dwarfs have been born predominantly in denser clusters where wide systems are disrupted or inhibited

from forming.

Subject headings: stars: formation — stars: low-mass, brown dwarfs — binaries: visual — stars:

pre-main sequence

1. INTRODUCTION

! Based on observations performed with the NASA/ESA Hub-
ble Space Telescope, Gemini Observatory, and the W. M. Keck
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NASA contract NAS 5-26555.
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As with stars at higher masses, the binary proper-
ties of low-mass stars and brown dwarfs may provide
1n31ght into their formation and dynamical evolution

[2013). Multiplicity at low masses
has been characterized primarily through high-resolution
imaging in the solar neighborhood (Koerner et _all[1999;
Martin et al! [1999; Reid et al. 2001; Bouy et all [2003;
Burgasser et a Jum Close et a JIJM) and the nearby
young clusters and associations (Neuhauser et all [2002;
Martin et all 2003; Luhman et all 2005a; Kraus ef al)
2003, 12006; Konopacky et all 2007; Biller et all 12011}
Kraus & Hillenbrand [2012). These surveys have
found that the binary fractions and the separations
of binaries decrease and the mass ratios increase
from stars to brown dwarfs (Burgasser et all [2007;
Kraus & Hillenbrand [2012). Although most binary
brown dwarfs have small separations (¢ < 20 AU
few wide systems have been uncovered
Chauvin et all 2004). The low binding energies of
these wide binaries would tend to suggest that dynam-
1cal interactions did not play a role in their formation

12001)), although a few ejected brown
dwarfs may be captured into wide systems in denser clus-
ters (Bate & Bonnell 2005).

The dependence of the binary properties of low-mass
stars and brown dwarfs on age and star-forming envi-
ronment is not well-constrained by existing data. As
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a result, it is unclear whether wide low-mass binaries
are frequently disrupted by interactions with stars, either
in their natal clusters or in the Galactic field, and how
the initial conditions of star formation influence bina-
rity at low masses. The Taurus and Chamaeleon I star-
forming regions are promising sites for providing some
of the data needed to investigate these issues. They are
among the nearest star-forming regions (140 and 165 pc),
young enough that dynamical interactions are minimized
(1 and 2-3 Myr), most of their members have relatively
low extinction (Ay < 4), and they have been searched
thoroughly for substellar members (Kenyon et al! 2008;
Luhman 2008). These two regions also offer the opportu-
nity for characterizing the multiplicity produced by low-
density star-forming conditions, which can be compared
to measurements in richer and denser clusters at the same
age as well as older populations in open clusters and the
solar neighborhood.

High-resolution imaging has been previously
applied to low-mass members of Taurus and
Chamaeleon I (Neuh&auser et al!|2002; [Kraus et all2006;
Ahmic et all 2007; Konopacky et al! [2007; [Luhman
2007; [Lafreniere et alll2008; [Kraus & Hillenbrand 2012),
which has included 45 primaries with spectral types
later than M6 (M < 0.1 Mg). To improve upon the
statistical accuracy of those multiplicity measurements,
we have performed an imaging survey that includes most
of the remaining known late-type members of Taurus
and Chamaeleon I using the Hubble Space Telescope
(HST) and Keck Observatory, resulting in a sample of
73 primaries in these regions later than M6 for which
high-resolution data are now available. In this paper, we
describe the sample selection and observing strategy in
our survey (Section [2) and our analysis of the resulting
images (SectionB]). We then identify the most promising
candidate companions in our data and combine our
sample with those of previous surveys to measure the
binary fraction as a function of spectral type (Section [l).
We conclude by discussing the implications of our survey
for measurements of multiplicity at low masses and for
the formation of brown dwarfs (Section [B).

2. OBSERVATIONS
2.1. Hubble Images
2.1.1. Sample Selection

We have obtained most of the data in our survey
with the Wide Field Planetary Camera 2 (WFPC2)
on board HST. In our proposal for WFPC2 imag-
ing in Taurus, we selected all members of this region
that had spectral types later than M6, that had not
been previously imaged with HST (Kraus et all [2006),
and that were known as of early 2007, which corre-
sponded to 32 objects. However, observations could
not be scheduled for three of the targets, 2MASS
J04325026+-2422115, 2MASS J04335245+26125485,
and 2MASS J04380083+25585728. We replaced these
sources with two Taurus members that have spec-
tral types of M6 (2MASS J04350850+2311398, 2MASS
J04400067+2358211) and a new member later than

13 This object has been observed with adaptive optics (AO)
imaging (Kraus & Hillenbrand 2012).

14 This object has been observed with speckle imaging
(Konopacky et all [2007).

M6 that we uncovered after submission of the original
proposal (2MASS J04373705+2331080, [Luhman et al!
20094). Our WFPC2 images of these 32 targets en-
compassed four additional members of Taurus, FM Tau,
V773 Tau, CW Tau, and 2MASS J04414565+2301580,
all of which were saturated. One of our targets has
been previously observed with speckle imaging (2MAS
J044427134+2512164, [Konopacky et all[2007). That ob-
ject and 18 other targets have been observed with AO
imaging (Kraus & Hillenbrand 2012).

For the WFPC2 sample in Chamaeleon I, we se-
lected all known members that are later than M6
and that have not been previously observed with
HST (Neuhauser et all 2002; [Luhman 2007) with the
exception of 2MASS J11195652-7504529 and 2MASS
J11070369-7724307, which were omitted because the for-
mer is in the outskirts of the cluster and the latter is
highly reddened. The resulting sample contained 19 ob-
jects. The observations of one target failed (ESO Ha
554) and three targets were not observed before the de-
commissioning of WFPC2 (2MASS J11085176-7632502,
2MASS J11104006-7630547, ISO 13§M). Thus, we were
able to obtain WFPC2 images of 15 late-type primaries
in Chamaeleon I. OTS 32, C1-2, 2MASS J11011926-
7732383 B, CHXR 84, and Hn11 also fell within the field
of view of these data. The latter two stars were satu-
rated. One of our 15 targets, CHSM 17173, has been
observed with AO imaging (Lafreniere et all[2008).

We present in Table [ the sample of 47 late-type
primaries in Taurus and Chamaeleon I that we have
observed with WFPC2. We also include the extra
members that appeared within the images and that
were not saturated (OTS 32, C1-2, 2MASS J11011926-
7732383 B) as well as the new companion to 2MASS
J04414489+2301513 (hereafter 2M J044144) that we
found in this survey and reported in an earlier study
(Todorov et alll2010).

To obtain high-resolution images for two late-type
members of Chamaeleon I that have high extinctions
and thus were inaccessible with WFPC2, we used
the Near-Infrared Camera and Multi-Object Spectrom-
eter (NICMOS) on board HST. These objects con-
sisted of 2MASS J11070369-7724307 (M7.5) and 2MASS
J11062942-7724586 (M6).

2.1.2. Observing Strategy

We obtained the WFPC2 images through the F791W
and F850LP filters, which are similar to the Cousins I
and SDSS 2’ filters, respectively. We selected these filters
because they provide the optimum combination of sen-
sitivity to cool companions and spatial resolution and
they produce a color-magnitude diagram that is effective
in distinguishing young low-mass objects from field stars.
WEFPC2 contained four 800 x 800 CCDs. The plate scales
of the PC and the three WFC arrays were 0”046 pixel ~!
and 0”1 pixel™!, respectively. To mitigate the effects
of degraded charge-transfer efficiency (CTE), we placed
each target near the readout amplifier in the PC array.
Each target was observed with a two-point dither pat-
tern. At a given dither position, we obtained two images
in each of the two filters. We selected three combina-

15 This object has been observed with AO imaging
(Lafreniére et all [2008).
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tions of exposure times and gains for three ranges of
optical magnitudes in order to avoid saturation of the
targets. From the faintest to brightest targets, we used
1) T791 = 260 S, 7850 — 160 S, gain:7, 2) T791 = 260 S,
Tss0 = 160 s, gain=15, and 3) 7791 = 200 s, 7850 = 160 s,
gain=15. These exposure times apply to each of the four
individual images for a given filter. For the third set of
exposure times, we also included a pair of dithered im-
ages with exposure times of 40 s in F791W to provide
unsaturated data for the center of the point spread func-
tion (PSF). We did not specify the position angle of the
camera on the sky for these observations. Each object
was observed during one orbit, corresponding to a total
of 47 orbits.

The NICMOS observations were performed with the
NIC2 camera and the F110W, F160W, and F205W fil-
ters. The camera contained a 256 x 256 array that had
a plate scale of 07075 pixel™!. We obtained one image
in each filter at each position in a 6-point dither pat-
tern that was centered in the NIC2 array. The exposure
times of the individual images were 128, 128, and 96 sec
in F110W, F160W, and F205W, respectively. Immedi-
ately before and after the dither sequence on each target,
we collected one image in F205W at a position 30" from
the target to measure the background. Each of the two
NICMOS targets was observed during one orbit.

2.2. Keck Images

Additional late-type members of Taurus have been un-
covered since the planning of our HST observations. We
obtained high-resolution images of two of these objects,
FU Tau A and B (Luhman et all[2009b), with the near-
infrared camera NIRC2 (PI: K. Matthews) in conjunction
with the laser guide star AO system at the Keck IT 10 m
telescope (Wizinowich et alll2006; van Dam et alll2006).
These observations were performed on 2008 December 18
and 2010 December 9. The target was bright enough to
provide the tip/tilt correction. The plate scale of NIRC2
is 9.95240.002 mas pixel ™! and its columns are rotated
by 0.252 + 0.009° relative to the nominal position angle
computed from the image headers (Yelda et all 2010).
We collected three H-band images at each position in a
3-point dither pattern. The individual images consisted
of 10 and 50 coadditions of 0.5 sec exposures during the
observations in 2008 and 2010, respectively.

2.3. Gemini Images

Our analysis of the WFPC2 data in Section B2 reveals
a candidate companion to 2M J044144. In|Todorov et all
(2010), we obtained AO images of this pair to bet-
ter constrain the nature of the candidate. The images
were taken in H and K’ filters with the Gemini Near-
Infrared Imager (NIRI, [Hodapp et alll2003) and the AL-
TAIR AO system at the Gemini North telescope. The
plate scale was 070214 pixel ™! and the field of view was
22" x 22", The relative positions of 2M J044144 and
its candidate companion remained unchanged between
the WFPC2 and AO observations, indicating that the
candidate shares a similar proper motion as the primary
and thus is a Taurus member rather than a field star.
The tip-tilt star for the AO observations was 2MASS
J04414565+2301580 (hereafter 2M J044145), which is a
member of Taurus that may be a wide companion to

2M J044144 (12”3). The AO images from [Todorov et all
(2010) resolved a faint candidate companion at 0723 from
that star, which could make 2M J044144 and 2M J044145
a quadruple system. To assess this possibility, we sought
constraints on the relative proper motions of the four
objects by observing them again with NIRI+ALTAIR.
The data were collected on the night of 2011 February
13. The observing strategy was the same as for the first
epoch from [Todorov et all (2010) except that one dither
sequence was performed in each filter instead of two.

3. IMAGE ANALYSIS
3.1. Reduction of Hubble Images

We employed the MultiDrizzle software package
(Koekemoer et all 2002) for performing cosmic ray re-
jection on the WFPC2 images and for combining the
dithered frames for a given filter and exposure time. We
adopted a drop size of 0.85 native pixels and resampled
plate scales of 0701 pixel ! and 0”05 pixel ™! for the PC
and WFC images, respectively. Using the IRAF routine
starfind, we identified all point sources in each of the re-
duced PC and WFC images. Spurious detections were
manually removed through visual inspection of the im-
ages. To search for sources that are blended with the
primaries targeted by our survey, we applied PSF sub-
traction, as described in the next section.

We measured aperture photometry for all unsaturated
point sources using the IRAF task phot with an aperture
radius of 2 pixels on the native scale, corresponding to
07091 and 0’2 for the PC and WFC images, respectively.
We estimated aperture corrections between these radii
and an aperture of (/5 for each array and filter using stars
that were isolated, bright, and unsaturated. The average
values were 0.22 (F791W/WFC), 0.24 (F850LP/WFC),
0.54 (F791W/PC), and 0.61 mag (F850LP/PC). The
aperture correction from 0”5 to an infinite aperture is
0.1 mag. We arrived at the final photometric magni-
tudes by combining the measurements from phot with
the aperture corrections, CTE correctiond™, and the zero
point fluxes from the image headers. The CTE correc-
tions were larger for fainter objects. Since all of the pri-
maries were well-detected, their CTE corrections were
fairly small (< 0.1 mag). However, because of the ad-
vanced age of WFPC2 at the time of our observations,
the CTE corrections were quite large for the faintest ob-
jects (0.5-1 mag). The magnitude at which saturation
occurs is brighter in Taurus than in Chamaeleon I be-
cause short exposures were included for some of the for-
mer targets. The photometry for the known members
of Taurus and Chamaeleon I within the WFPC2 images
is provided in Table Il The uncertainties in these mea-
surements are ~ 0.05 mag, which are dominated by the
errors in the aperture corrections.

As with the WFPC2 data, we reduced the NICMOS
images with MultiDrizzle. The resampled plate scale was
0”025 pixel~'. The field of view of each reduced image
was small enough (22" x 22) that visual inspection was
adequate for identifying sources in these images. In the
F110W images, the only detected objects consisted of the
two members of Chamaeleon I that were targeted. For
both F160W and F205W, two and four additional sources

16 http://purcell.as.arizona.edu/wfpc2_calib
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were detected in the images of 2MASS J11070369-
7724307 and 2MASS J11062942-7724586, respectively.
One of these objects is Cha J11062788—7724543, which
is 7 from 2MASS J11062942-7724586 and has been
identified as a candidate low-mass protostar based on
its red mid-infrared (IR) colors (Luhman et all 2008).
The other sources have separations of > 3" from the
primaries. They are unlikely to be cluster members
based on photometry from other telescopes (Luhman
2007; [Luhman et all 2008). Our analysis to check for
marginally resolved companions is described in the next
section.

3.2. PSF Analysis of Hubble Images

To detect sources at small angular separations from
the survey primaries in the WPFC2 and NICMOS im-
ages, we performed PSF subtractions using the IMFIT-
FITS software, written by Brian McLeod and described
in [Lehar et all (2000). For each primary, we fit its PSF
with the PSF of every other primary that was observed
in that star-forming region. We then visually inspected
each of the subtracted images and identified the ones
with the smallest residuals. The PSF's of other primaries
were better choices for PSF subtraction than other stars
in the image of a given primary because all of the pri-
maries have similar colors and were observed at the same
location on the PC array. Synthetic PSF fitting (e.g.,
TinyTim) was not attempted since it provides poorer
fits than observed stellar PSFs (Luhman et all2005a).

We found significant residuals after subtraction of a
single PSF to 2M J044144, 2MASS J04221332+1934392,
and ISO 217. PSF subtraction for 2M J044144 revealed a
faint companion at a separation of 07105, as described by
Todorov et all (2010). The other two objects appear to
be marginally resolved binaries. To measure the relative
positions and fluxes of the components of each system,
we created a grid of subtracted images that used pairs of
PSFs with a range of separations, position angles, and
flux ratios. Through visual inspection of the residuals in
this grid of subtracted images, we estimated the binary
parameters and their uncertainties. These measurements
are presented in Table @l Figure [l shows the images of
2MASS J04221332+1934392 and ISO 217 produced by
subtraction of the best-fit single and double PSFs.

3.3. Reduction and PSF Analysis of Keck Images

The Keck NIRC2 data for FU Tau A and B were pro-
cessed using standard reduction techniques for near-IR
images. For each image, we subtracted a frame from
another dither position to remove the sky background,
applied a mask for bad pixels, divided by a flat field im-
age, and corrected for optical distortion with a model
provided in the pre-ship review documentl’] using IRAF
and IDL routines. The dithered frames were then regis-
tered and combined.

Given their separation of 5”7, FU Tau A and B were
well-resolved from each other in the NIRC2 images.
Each component appears unresolved in these data with-
out an obvious additional companion. To check for
marginally resolved companions, we applied the IDL
package StarFinder to FU Tau A and B (Diolaiti et al.

17 http://www2.keck.hawaii.edu/inst /nirc2/preship_testing.pdf

2000), which has a deblend function designed to detect
close pairs given a good empirical PSF. We used each
component as the PSF for the other object. In addi-
tion, separate single sources were observed close enough
in time to FU Tau A that we could use them as secondary
checks of the results of StarFinder. Our StarFinder anal-
ysis of the 2008 data showed a secondary source at a sep-
aration of ~2.5 pixels (or ~07025) and a position angle of
~ 9° from FU Tau A with a flux ratio of ~2. In the im-
ages from 2010, no source was detected at a comparable
separation, which could be due to the difference in im-
age quality on the two nights. The observing conditions
during the night in 2008 were very good, with a Strehl
ratio estimated from the PSF of ~ 20% in the H band.
The conditions in 2010 were worse, yielding a Strehl ra-
tio of only 5%. Additional observations are necessary to
determine definitively whether FU Tau A is a binary as
implied by the data from 2008. We treat it as unresolved
for the purposes of this study.

Our NIRC2 data have provided relative positions for
the components of FU Tau that are more accurate
than previous measurements from seeing-limited ground-
based images. We measured a separation of 5.69 +0.02"
and 5.69 +0.01”, a position angle of 122.75 + 0.24° and
122.77 £ 0.02°, and an H-band flux ratio of 21 £ 16 and
35+ 3 in the 2008 and 2010 images, respectively. These
astrometric measurements are consistent with the pre-
vious data from [Luhman et all (2009b). A comparison
of the astrometry between 2008 and 2010 indicates that
FU Tau A and B share the same proper motion at a level
of ~ 5 mas yr—', which further supports the membership
of these objects in the same star-forming population, ei-
ther as components of a binary system or as unrelated
Taurus members that are seen in projection near each
other (Luhman et all2009L).

3.4. Reduction and PSF Analysis of Gemini Images

Our new Gemini AO images of 2M J044144 and
2M J044145 were reduced and analyzed in the same man-
ner as the first epoch from [Todorov et all (2010) except
that the data were corrected for distortion with an IDL
script provided by Chad Trujillo. The first epoch data
were reprocessed with this distortion correction as well.
The resulting measurements of separations and position
angles between the components of 2M J044144 A /B and
2M J044145 A/B are presented in Table Bl The relative
positions of 2M J044144 A and B from WFPC2 are also
included (Todorov et all[2010). Any errors that may be
present in the distortion correction for the AO images
are not accounted for in the uncertainties in Table 3] but
they are only relevant to the measurement of relative
astrometry across large distances on the detector array,
such as between 2M J044144 A and 2M J044145 A. In
addition, because each of the four objects was observed
near the same location on the array between the two
epochs, a comparison of the relative astrometry between
epochs should not be affected by errors in the distortion
correction.

In [Todorov et all (2010), we demonstrated that
2M J044144 A/B maintained similar relative positions
between the WFPC2 observation and the first epoch of
AO data, indicating that the two objects share simi-
lar motions, and that the candidate secondary is not
a field star. Our second AO epoch further supports
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this result, as shown in Table Bl Meanwhile, the rela-
tive positions of 2M J044145 A/B and the relative po-
sitions of 2M J044144 A/2M J044145 A also were un-
changed within the uncertainties between the two AO
epochs. For the first of these two pairs, if one com-
ponent was motionless while the other had the same
proper motion as the nearest group of Taurus members
(group V, [Luhman et all [20094), then their separation
and position angle would change by 07006 and 6°4, re-
spectively, which is inconsistent with our measurements.
Thus, 2M J044145 B shares the same motion as the pri-
mary, and hence is a Taurus member. Our astrometry
is not sufficiently accurate to distinguish between a bi-
nary system and a pair of unrelated Taurus members
that have a small projected separation, but the latter
is very unlikely given the low stellar density in Taurus.
For 2M J044144 A and 2M J044145 A, the separation
and position angle would change by 07005 and 0°12,
respectively, if one was motionless while the other ex-
hibited the proper motion of the nearest Taurus group.
This relative motion is not detectable in our data be-
cause the position angle error is dominated by the un-
certainty in the position angle of the camera. However,
both objects are already known to be members of Tau-
rus based on spectroscopy (Luhman [2006; [Luhman et al
2009a; Kraus & Hillenbrand [2009).

4. CANDIDATE COMPANIONS
4.1. Color-Magnitude Diagrams

Our WFPC2 images have detected point sources
within a few arcseconds of several of the primaries in
Taurus and Chamaeleon I. Images of the candidate com-
panions with separations less than 2" are shown in Fig-
ure 2l To assess the companionship of these objects, we
can check whether they have the colors and magnitudes
expected for members of these star-forming regions. To
do this, we have constructed in Figure 3 color-magnitude
diagrams for all unsaturated point sources in the WFPC2
images of Taurus and Chamaeleon I. Some of the Taurus
primaries were saturated in one of the bands and thus are
absent from Figure[Bl As noted in Section 2.1.1] unsatu-
rated photometry is available for three additional mem-
bers of Chamaeleon I beyond the 15 low-mass primaries
that were targeted by WFPC2. The known members
of these regions form sequences that are well-separated
from most field stars. One exception is OTS 32, which
appears below the sequence for Chamaeleon I. The sub-
luminous appearance of this star has been observed pre-
viously and probably indicates that it is seen in scattered
light (Luhman & Muench |[2008).

In Figure 3] we have circled the candidate companions
that are within 2” of the primaries. One of these can-
didate companions, 2M J044144 B, appears within the
sequence of Taurus members and is a likely companion
(Todorov et all 2010). The remaining five candidates
fall below the cluster sequences and thus are probably
field stars. Among objects beyond 2" from the primaries
(uncircled points), one appears within the Chamaeleon I
sequence, but its other optical and IR colors are in-
consistent with a cool object and suggest that it is a
field star. We have also marked in the color-magnitude
diagrams the components of the two partially resolved
binaries from Figure [l Both components of 2MASS

J04221332+1934392 appear within the Taurus sequence
but the fainter component of ISO 217 is below the
Chamaeleon I sequence. The anomalously blue color
of ISO 217 B could indicate that it is background
field star or may result from the large uncertainties
in its photometry. We note that all of the candidate
companions from |Kraus & Hillenbrand (2012) that
are in our WFPC2 images appear below the member
sequence in Figure [, and hence are probably field stars.
The primaries for these candidates consist of 2MASS

J04152409+2910434, 2MASS  J04221644+4-2549118
(CFHT-14), 2MASS J04302365+2359129 (CFHT-
16), 2MASS J04311907+2335047, and 2MASS
J04334291+2526470.

4.2. Probability of Companionship

We now examine the probability of companionship
for the three candidates that have photometry consis-
tent with membership in Taurus and Chamaeleon I
(marginally consistent in the case of ISO 217 B).
Todorov et all (2010) considered the companionship of
2M J044144 B, which has a separation of 07105 from
its primary. As explained in that study, the probability
that a field star with the color and magnitude of a Tau-
rus member would appear within 0”1 of any of the 32
Taurus primaries in our survey is ~ 107° (the astrom-
etry from Section 3.4] also indicates that 2M J044144 B
is a Taurus member rather than a field star). Given
that 2MASS J04221332+1934392 B has a separation of
0”05, the probability that it is a field star is even lower.
Although ISO 217 B is below the cluster sequence for
Chamaeleon I, the probability that it is a field star is not
significantly higher than these values in Taurus because
the surface density of field stars is low in its vicinity of
the color-magnitude diagram in FigureBl The unresolved
spectroscopy of ISO 217 A+B from [Luhman (2004b) pro-
vides additional constraints on the nature of the candi-
date secondary. If ISO 217 B is a field star, it likely would
be a reddened early-type star or K giant. Since ISO 217 B
contributes roughly 1/3 of the optical flux of the pair,
a field star of this kind probably would have been no-
ticeable in the unresolved spectrum. For instance, the
molecular bands of the primary would appear heavily di-
luted and veiled by the relatively featureless continuum
of a warmer field star. Finally, because of the low stellar
densities in Taurus and Chamaeleon I, the components
of these three pairs are unlikely to be unrelated clusters
members that have small projected separations (Luhman
2004a; [Luhman et all 2009b). Therefore, we conclude
that 2M J044144 and 2MASS J04221332+1934392 likely
comprise binary systems. For ISO 217, we probably have
detected either a binary companion or a jet (see next sec-
tion).

4.3. Properties of Candidate Companions

In [Todorov et all (2010), we estimated the physical
properties for one of the three companions that we have
uncovered with WFPC2, 2M J044144 B. Its projected
separation of 07105 corresponds to 15 AU at the dis-
tance of Taurus and its WFPC2 fluxes imply a mass
of 5-10 Mjyp based on theoretical evolutionary models.
We now examine the properties of the other two can-
didates, 2MASS J04221332+1934392 B and 1SO 217 B.
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Their projected separations of 07051 and 07031 corre-
spond to 7 and 5 AU, respectively, at the distances
of Taurus and Chamaeleon I. As an unresolved pair,
ISO 217 A+B exhibits strong Ha emission (Luhman
2004h; Muzerolle et al! 2005), forbidden emission lines
(Scholz & Jayawardhand2006), and mid-IR excess emis-
sion (Apai et all[2005; [Luhman et all[2005b, 2008), indi-
cating the presence of active accretion and a circumstel-
lar disk around at least one component. In fact, a jet has
been detected from ISO 217 (Whelan et alll2009), which
has a similar position angle as our candidate companion.
Thus, it is possible that we have detected emission from
this jet rather than a companion, although our filters
should encompass little line emission from a jet, and the
brighter lobe of the jet is on the opposite side of the pri-
mary from our candidate companion. We treat ISO 217
as a binary for the purposes of this study. Meanwhile,
the components of 2MASS J04221332+1934392 proba-
bly have roughly similar masses given that the flux ratio
at F850LP is near unity. Neither component appears to
have a close-in circumstellar disk based on the absence
of mid-IR excess emission (Luhman et all[2010).

4.4. Binary Statistics

To characterize the multiplicity of low-mass stars and
brown dwarfs in Taurus and Chamaeleon I, we com-
bine the results from our survey with those from pre-
vious high-resolution images in these regions. The lat-
ter were collected with WFPC2 (Kraus et all 2006),
Keck speckle imaging (Konopacky et al!l2007), and Keck
AO imaging (Kraus & Hillenbrand [2012) in Taurus and
with WFPC2 (Neuhauser et all 2002), the Advanced
Camera for Surveys on Hubble (Luhman 2007), and
AQO at the Very Large Telescope (Ahmic et all 2007;
Lafreniere et all 2008) in Chamaeleon 1. For compari-
son to these two regions, we also have compiled bi-
nary data measured for late-type members of the Upper
Sco association (7 ~ 11 Myr, [Pecaut et all 2012) with
WFPC2 and Keck AO (Kraus et all [2005; Biller et al.
2011; [Kraus & Hillenbrand 2012Y1. We consider data
for primaries with spectral types of >M4 (< 0.3 Mg)
using the classifications adopted by [Luhman (2008) and
Luhman et al! (2010,12012). For LH 0419+15, which was
observed by [Kraus et all (2006), we adopt a type of M6
(K. Luhman, in preparation). The resulting samples con-
tain 85, 66, and 50 primaries in Taurus, Chamaeleon I,
and Upper Sco, respectively, and are compiled in Tabled]
These regions have similar distances (d ~ 150 pc) and
have been observed with similar angular and mass de-
tection limits, which allows a direct comparison of their
data.

In Table Bl we present the fractions of primaries
in the high-resolution imaging surveys of Taurus,
Chamaeleon I, and Upper Sco for which probable com-
panions have been detected at >10 AU, which is the
smallest separation that all of these surveys reached.
Separate fractions are shown for M4-M6 (0.1-0.3 Mg)
and >M6 (< 0.1 Mg) so that we can examine the depen-
dence of the binary fractions on spectral type, and hence
stellar mass. To illustrate the distribution of separations

18 We have omitted USco CTIO 132 and USco CTIO 137 since
they appear to be field dwarfs (Muzerolle et all[2003, K. Luhman,
in prep).

and how it varies with spectral type of the primary, we
plot the separations of resolved binaries and the sepa-
ration limits for equal-magnitude pairs among the unre-
solved primaries versus spectral type in Figure 4l For
this diagram, we have adopted separation limits of 0”703
for the PC, Advanced Camera, and speckle data, 07”06
for the WFC and NICMOS data, 0708 for the AO data
from the Very Large Telescope, and the FWHM of the
Keck AO data. We note that some AO data are capable
of detecting binaries with separations that are smaller
than the FWHM (Kraus & Hillenbrand 2012).

5. DISCUSSION

Taurus, Chamaeleon I, and Upper Sco contain the
largest samples of young low-mass stars and brown
dwarfs that have been imaged at high resolution, pro-
viding the best available statistical constraints on low-
mass multiplicity at ages of < 10 Myr. We first exam-
ine the dependence of the binary fractions in Table
on spectral type of the primary. For each of the three
regions, the wide binary fraction (>10 AU) is signifi-
cantly lower at >M6 than at M4-M6. Trends of this
kind have been detected previously in subsets of the data
we have compiled (Kraus et al! 2005, 2006; Biller et al.
2011; [Kraus & Hillenbrand|2012), in samples of members
of Taurus, Chamaeleon I, and Upper Sco at higher masses
(Lafreniere et all 2008; [Kraus & Hillenbrand 12009), and
in the solar neighborhood (Burgasser et all 2007, refer-
ences therein). Given the youth and low density of the
regions in question, particularly Taurus, this dependence
on spectral type is very likely primordial rather than due
to dynamical interactions among members of each region.

We also can examine the data in Table [ for differences
among Taurus, Chamaeleon I, and Upper Sco. For each
range of spectral types, the binary fractions do not show
any statistically significant differences between the re-
gions. Comparing these binary fractions to data for field
stars and brown dwarfs is more problematic because it
is difficult to ensure that young and old samples encom-
pass the same ranges of primary masses, and because a
given young cluster may not represent the predominant
star-forming environment for the field. Nevertheless, it
is useful to compare the frequency of the widest brown
dwarf binaries. Taurus and Chamaeleon I each contain
one known binary brown dwarf with a separation greater
than 100 AU (Luhman 2004a; [Luhman et al!l2009b). Al-
though the Upper Sco sample that we have defined for
Table B does not have any pairs wider than 100 AU, a
few examples have been found among other brown dwarfs
in the association (Allers 2006; [Jayawardhana & Ivanov
2006; [Close et _all2007; [Luhman et al! 2007; [Béjar et al.
2008). Thus, the data for Taurus, Chamaeleon, and Up-
per Sco indicate a binary fraction of a few percent for
these wide binary brown dwarfs. In comparison, only
one pair of this kind has been found among the sev-
eral hundred known late-L and T dwarfs in the field
(Burningham et all [2010; [Scholz 2010). This implies
that dynamical interactions with cluster members or field
stars at >10 Myr disrupt the widest binary brown dwarfs,
or that most field brown dwarfs are born under condi-
tions different from those in Taurus, Chamaeleon I, and
Upper Sco, perhaps in denser clusters where very wide
binaries are disrupted or prevented from forming.
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TABLE 1
MEMBERS OF TAURUS AND CHAMAELEON I IN THE WFPC2 IMAGES
2MASS® Other Name Spectral Type m791®  mgsoP Date
J04141188+-2811535 e M6.25 17.35 16.45 2008 Nov 8
J04152409+4-2910434 M7 18.22 17.12 2008 Aug 1
J04161885+4-2752155 M6.25 16.72 15.76 2007 Sep 15
J04201611+4-2821325 M6.5 17.64 16.72 2007 Oct 24
J042154504-2652315 cee M8.5 20.85 19.40 2008 Jul 31
J04221332+1934392A+B s M8 17.33¢  16.25° 2007 Aug 6
J04221644+-2549118 M7.75 17.39 16.34 2008 Aug 1
J04242090+4-2630511 . M6.5 17.35 16.47 2008 Aug 1
J04263055+4-2443558 cee MS8.75 19.54 18.26 2008 Aug 9
J042707394-2215037 e M6.75 16.02 15.23 2008 Aug 2
J04274538+4-2357243 e MS8.25 19.59 18.39 2008 Aug 1
J042900684-2755033 cee M8.25 18.45 17.28 2008 Aug 15
J04302365+4-2359129 cee M8.25 19.57 18.39 2008 Aug 6
J04311907+4-2335047 e M7.75 18.19 17.02 2008 Aug 6
J04312669+4-2703188 M7.5 19.55 18.34 2008 Aug 10
J04320329+4-2528078 cee M6.25 15.51 sat 2008 Aug 15
J04322329+-2403013 M7.75 16.48 15.49 2008 Sep 7
J04334291+4-2526470 MS8.75 19.55 18.24 2008 Aug 12
J04350850+4-2311398 M6 16.27 15.46 2007 Oct 6
J04354526+-2737130 e M9.25 19.84 18.54 2008 Aug 4
J04361030+-2159364 M8.5 19.43 18.28 2008 Aug 15
J043737054-2331080 cee LO 23.01 21.62 2007 Aug 25
J04385871+4-2323595 cee M6.5 16.07  sat 2008 Aug 4
J04390396+2544264 . MT7.25 16.95 15.93 2008 Aug 6
J04390637+2334179 M7.5 15.71 sat 2008 Aug 18
J044000674-2358211 cee M6 16.17 15.42 2007 Aug 24
J04414489+2301513A cee M8.5 18.93 17.85 2008 Aug 20
J04414489+-2301513B cee 21.16 19.91 2008 Aug 20
J04414825+4-2534304 MT7.75 18.52 17.44 2007 Oct 27
J044427134-2512164 IRAS 0441442506 MT7.25 16.45 15.44 2007 Aug 19
J04484189+1703374 cee M7 sat 16.59 2007 Aug 8
J045523334-3027366 cee M6.25 16.99 16.16 2007 Aug 26
J045749034-3015195 cee M9.25 20.73 19.43 2007 Aug 26
J11011926-7732383A e M7.25 18.16 17.02 2009 Apr 30
J11011926-7732383B e MS8.25 19.30 18.00 2009 Apr 30
J11020610-7718079 M8 20.65 19.35 2009 Mar 16
J11025374-7722561 e MS8.5 20.96 19.64 2009 Mar 4
cee Cha J11062854-7618039 M9 21.98 20.72 2009 Apr 24
e Cha J11070768-7626326 L0 22.75 21.46 2009 Apr 24
J11082570-7716396 - M8 21.69 20.38 2009 Apr 23
J11084952-7638443 e MS8.75 20.95 19.64 2009 Apr 21
J11095215-7639128 A+B ISO 217 A+B M6.25 19.18° 18.12¢ 2009 Apr 26
J11095505-7632409 C1-2 e 20.33 19.23 2009 Apr 23
J11100336-7633111 OTS 32 M4 22.44 21.45 2009 Apr 23
J11100658-7642486 e M9.25 21.67 20.31 2009 Apr 24
J11100934-7632178 OTS 44 M9.5 22.11 20.64 2009 Apr 23
J11102226-7625138 CHSM 17173 M8 17.95 16.88 2009 Apr 27
J11112249-7745427 cee M8.25 20.05 18.86 2009 Apr 24
J11114533-7636505 M8 19.89 18.75 2009 Feb 27
J11122250-7714512 M9.25 20.74 19.40 2009 Apr 24
J11123099-7653342 e M7 18.14 17.21 2009 Mar 3

@ 2MASS Point Source Catalog (Skrutskie et all [2006).

b An entry of “sat” indicates that the object was saturated in this band.

€ This photometry applies to the combined flux from this partially resolved binary (Figure[l). The flux ratio
for the components of the binary is in Table 2l

TABLE 2
ASTROMETRY AND PHOTOMETRY FOR PARTIALLY RESOLVED BINARIES FROM
WFPC2
Name p P.A2 Flux RatioP

(arcsec) (deg) F79IW F850LP

2MASS J04221332+1934392  0.051£0.003 316+4 0.69+0.03 0.89+£0.03
ISO 217 0.031£0.004 238+8 0.64+0.05 0.4740.08

2 Position angle of the secondary relative to the primary.
b The combined photometry of each binary is in Table [T}
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TABLE 3
ASTROMETRY FOR COMPONENTS OF 2MASS J04414489+2301513
AND 2MASS J04414565+42301580

p P.A2 Date
(arcsec) (deg)

2MASS J04414489+2301513 A and B

0.105£0.004 120.4+£2.2 2008 Aug 20
0.105£0.005 120.7£2.6 2009 Oct 13
0.10440.006 122.8+3.0 2011 Feb 13

2MASS J04414565+2301580 A and B

0.2264+0.004  84.8%+1.0 2009 Oct 13
0.2304+0.006  84.6+1.4 2011 Feb 13

2MASS J04414565+2301580 A and 2MASS J04414489+2301513 A

12.325+£0.004 238.0+0.1 2009 Oct 13
12.325+£0.006 237.9+0.1 2011 Feb 13

2 Position angle of the secondary relative to the primary.

TABLE 4
LATE-TYPE TARGETS OF MULTIPLICITY SURVEYS IN TAURUS, CHA I, AND UPPER
Sco
2MASS? Other Name Spectral Type pP Reference
(arcsec)

J04141188+4-2811535 cee M6.25 <0.03,<0.053 1,2
J041514714-2800096 KPNO 1 M8.5 <0.03 3
J04152409+4-2910434 - -- M7 <0.03,<0.051 1,2
J041612104-2756385 cee M4.75 <0.03 4
J04161885+4-2752155 e M6.25 <0.03,<0.078 1,2

REFERENCES. — (1) this work; (2) [Kraus & Hillenbrand (]m)7 (3)
(2008); (4) [Konopacky et all (2007); (5) [Luhman et all (20098); (6) [Todorov ef all
(2010); (7) [Cuhman (20044); (8) [Cafreniére et all (2008); (9) (2007); (10)
(200%): (11) Neuhfuser ot all (2002); (12) Biller et all (2011): (13)

NoTE. — This table is available in its entirety in a machine-readable form in the
online journal. A portion is shown here for guidance regarding its form and content.

& 2MASS Point Source Catalog (Skrutskie et all[2006).

b This column contains the projected separations of resolved binaries and the detection
limits for unresolved sources. The adopted limits are described in Section 41

TABLE 5
Low-MAsS BINARY FRACTIONS (>10 AU) IN YOUNG REGIONS

Spectral Type Taurus® Cha IP U Sco® Total
M4-M6 7/39 = 0.18700%8  4/39 = 017007 3/15 =0.2758% 14793 = 0.1579:93
>M6 2/46 = 0.0475:0°  1/27 = 0.047507  1/35 = 0.0375 08 4/108 = 0.04703

# [Kraus et all (2006), m m leuu&LHxllsmhmnd (2012), and this work.

b [Neuhauser et _all W (2002), (2007), Cuhmad (2007), [Cafreniére et all (2008), and this work.
¢ (2008), IMI (m and [Kraus &_Hﬂlsnhmnd (2012).
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Fic. 1.— WFPC2 F791W images of the young late-type objects 2MASS J042213324-1934392 and ISO 217 before and after PSF
subtraction. Large symmetric residuals remain after subtraction of single PSFs for both objects, indicating that they are marginally
resolved binaries. The residuals are much smaller when each image is fit with a pair of PSFs. For each image prior to PSF subtraction,
the maximum of the intensity scale is 50% of the peak of the PSF. The upper limits for the scales in the PSF-subtracted images are 2%
and 1% of the PSF peaks for 2MASS J04221332+1934392 and ISO 217, respectively.

* A fg,

& w

04141188+2811535 04334291+2526470 * 0431190742335047

,.‘ ® g ®

04414489+2301513 04221644+2549118 11114533-7636505

e 3 ®

Fic. 2.— WFPC2 F791W images of young late-type members of Taurus and Chamaeleon I that have resolved candidate companions
within 2””. The photometry of the object near 2M J044144 is consistent with that expected for a member of Taurus while the remaining
candidates are probably field stars, as shown in Figure [l PSF-subtracted images of the companion to 2M J044144 were presented by
Todorov et all (2010).
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Taurus Chamaeleon I

Fic. 3.— Color-magnitude diagrams constructed from WFPC2 images of late-type members of the Taurus and Chamaeleon I star-forming
regions. We show the known members of these regions that are within the images and are not saturated (large filled circles). Among the
remaining point sources (points), we indicate the ones that are within 2"’ of a known member (circles). One of these candidate companions
appears within the Taurus sequence and was confirmed as a member based on its proper motion (2M J044144, [Todorov et all 2010) while
the other candidates are probably field stars based on their locations below the sequences of known members. We also plot the positions
of the components of the partially resolved binaries from Table [2 and Figure [l (squares). The secondary for the pair in Chamaeleon I is
bluer than expected for a cluster member, but its photometry is uncertain.
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F1c. 4.— Binary measurements for late-type members of Taurus, Chamaeleon I, and Upper Sco (Neuh&user et all 2002; [Kraus et all

2003, [2006; [Konopacky et all[2007; [Lafrenicre et all[2008; Biller et all[2011; [Kraus & Hillenbrand 2012, this work). We show the projected
separations of resolved binaries (points) and the detection limits for unresolved sources (arrows) as a function of the spectral type of the
primary.





