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ABSTRACT
Three-epoch observations of the M1 VÈplusÈbrown dwarf system Gliese 229AB using the Hubble

Space TelescopeÏs Wide Field Planetary Camera 2 (WFPC2) are reported. Relative astrometric measure-
ments spanning 1 year conÐrm the common proper motion of the pair and reveal the Ðrst evidence of
orbital motion. The radial and azimuthal components of Gl 229BÏs relative motion are and[0A.087

respectively, indicating an elliptical orbit rather than an inclined circular orbit. The absolute]0A.049,
WFPC2 magnitudes of Gl 229B are and assuming a dis-M1042 \ 16.37, M814 \ 20.76, M675 \ 24.60,
tance of 5.774 pc. The detection of Gl 229B through the F675W bandpass is the Ðrst reported at R-band
wavelengths. The measured Ñux through F1042M km) is well matched by the latest models of(j

c
B 1

dust-free brown dwarf photospheres by Tsuji et al. These models severely overestimate the broadband
Ñuxes shortward of 0.8 km, however, which indicates that a strong source of optical continuum opacity
exists in the photosphere of Gl 229B. A search for fainter companions to Gl 229A in the Planetary
Camera was negative to limiting absolute magnitudes of and beyond 7A ofM1042 B 19 M814 B 24.5
Gl 229A. Nondetection limits for the Wide Field Cameras are 1.5 mag greater than those for the Planet-
ary Camera.
Key words : binaries : close È stars : individual (Gliese 229B) È stars : low-mass, brown dwarfs

1. INTRODUCTION

Brown dwarfs are compact objects with masses below the
minimum mass required for stable hydrogen burning.
Nakajima et al. hereafter reported the Ðrst(1995, N95)
unambiguous discovery of a cool brown dwarf, Gliese 229B,
from a coronagraphic survey of nearby stars with ages of
D1 Gyr. N95 identiÐed Gl 229B as a common proper
motion companion of the nearby star Gl 229 (\HD
42581 \ LHS 1827 ; V \ 8.14, spectral type M1 V; here-
after Gl 229A). The near-infrared spectrum of Gl 229B
shows strong absorption by andCH4 H2O (Oppenheimer
et al. et al. and resembles the reÑection1995 ; Geballe 1996)
spectra of the giant outer planets in our solar system.

Using observed broadband Ñuxes from 0.8 to 10.5 km
and a distance to Gl 229A of 5.7 pc, Matthews et al. (1996,
hereafter derived a bolometric luminosity ofM96)
D6.4] 10~6 for Gl 229B, well below the minimumL

_luminosity for hydrogen-burning stars (L minB 10~4 L
_

;
& Liebert Assuming a radius for Gl 229BBurrows 1993).

equal to that of Jupiter (Burrows & Liebert 1993), M96
obtained K. At this e†ective temperature, theTeff B 900
brown dwarf Ïs atmosphere is expected to be composed pri-
marily of and & OhnakaH2, H2O, CH4, N2 (Tsuji 1995 ;

& Lodders Thus, the strong absorptionFegley 1996). CH4Ðrst noted by et al. supports theOppenheimer (1995) Teffderived by M96. Spectral models of cool brown dwarfs
predict that Gl 229B has a dust-free photosphere et(Tsuji
al. and an e†ective temperature of 900È1000 K1996) (Allard
et al. et al. This temperature range1996 ; Marley 1996).
implies a mass of D0.03È0.055 for a likely age ofM

_
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1È5 Gyr (Allard et al. 1996 ; Marley et al. 1996). Optical
spectra of Gl 229B indicate an absence of TiO and VO,
commonly associated with metal-rich M dwarfs, suggesting
that Ti and V have condensed and settled as dust in the
lower atmosphere et al.(Oppenheimer 1998 ; Schultz 1998 ;

et al. Recent near-infrared spectraOppenheimer 1998).
reveal CO in greater abundance than expected for equi-
librium with at K, possibly because of con-CH4 Teff B 900
vective mixing from warmer layers of the upper atmosphere

Geballe, & Marley et al.(Noll, 1997 ; Oppenheimer 1998).
Such mixing is observed in JupiterÏs atmosphere et al.(Noll

and may provide clues about the formation and inter-1988)
nal structure of Gl 229B.

In this paper, we present the results of three-epoch
observations of Gl 229B using the Wide Field Planetary
Camera 2 (WFPC2) aboard the Hubble Space Telescope
(HST ). These observations comprise four HST orbits
granted by the director of the Space Telescope Science Insti-
tute (STScI) from his discretionary observing time. Using
the high astrometric accuracy of HST , we conÐrm that
Gl 229AB is a common proper motion pair and report the
Ðrst evidence of orbital motion. We also present optical
broadband photometry of Gl 229B, including the Ðrst mea-
surement in the R bandpass. Finally, we provide limits on
the brightness of other possible companions located beyond

from Gl 229A.0A.25

2. OBSERVATIONS AND DATA REDUCTION

Observations of Gl 229AB were performed on UT 1995
November 17, 1996 May 26, and 1996 November 11 using
WFPC2. Gl 229A was acquired at the approximate center
of the Planetary Camera (PC), providing a Ðeld33A.5 ] 33A.5
of view (FOV) centered on the star. Telescope roll angles of
328¡ (epochs 1 and 3) and 148¡ (epoch 2) were selected so
that the position angle of Gl 229B (P.A.\ 163¡ ; N95)
would not coincide with the di†raction spikes or the charge
overÑow from the saturated image of Gl 229A. Data from
the three Wide Field Cameras (WFCs) were also obtained,
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providing partial coverage of the circumstellar Ðeld up to 2@
from Gl 229A.

First-epoch images were recorded through three broad-
band Ðlters : F675W (WFPC2 R), F814W (WFPC2 I), and
F1042M km) et al. To guarantee(j

c
B 1 (Burrows 1995).

accurate astrometry of Gl 229AB, unsaturated images of
each component were obtained by recording sets of four
short (1.6 s) and two long (300 s) exposures through
F1042M. Between the exposures of each set, the pointing
was o†set in successive steps of (5 PC pixels) along0A.2275
the rows and columns of the CCD. These o†sets ensured
that neither cosmic-ray events nor defective pixels would
skew the image centroids. Similarly, two-exposure sets of
0.11, 5, and 400 s were recorded through F814W. These sets
permitted inspection of the circumstellar Ðeld with varying
sensitivity beyond from Gl 229A. One 500 s exposure0A.25
through F675W was also obtained, completing the two-
orbit time allocation. For the 0.11, 1.6, and 5 s exposures, a
gain of 14 e~ DN~1 was used to minimize detector satura-
tion by Gl 229A. For the longer exposures, a gain of 7 e~
DN~1 was used to enhance sensitivity to faint Ðeld sources.
During the exposures longer than 1.6 s, the pixels in the
PCÏs serial register were continually clocked to minimize
the e†ect of charge overÑow.

Second-epoch observations of Gl 229AB were conducted
with the telescope rolled 180¡ from the Ðrst-epoch roll
angle. Gl 229A was acquired D3A from the nominal Ðrst-
epoch pointing. At this roll angle, the FOV of each WFC
was diametrically opposite Gl 229A from its corresponding
Ðrst-epoch FOV. Because of the asymmetric focal-plane
conÐguration of the WFPC2 CCDs et al.(Burrows 1995),
approximately 20% of the total WFC FOV was imaged in
both the Ðrst and second epochs. Sets of two 1.6 s exposures
and two 300 s exposures were recorded through F1042M,
and two 400 s exposures were obtained with F814W. (The
F814W exposures produced images of distant Ðeld stars
needed for astrometric measurements of Gl 229AB.) As
before, pointing o†sets of were performed along0A.2275
each CCD axis between the exposures of each set.

Third-epoch images were obtained with the telescope
rolled at the same angle used during the Ðrst-epoch obser-
vations. Gl 229A was acquired from the nominal Ðrst-D0A.4
epoch pointing. Although the sequence of exposures was
intended to be the same as that used during the second
epoch, a miscommunication during observation planning
resulted in a sequence of exposures through F1042M identi-
cal to that used during the Ðrst epoch. No exposures
through F814W were obtained. The consequences of this
miscommunication are discussed in ° 3.2.

The data were Ñux-calibrated using the Space Telescope
Science Data Analysis System (STSDAS) software and the
calibration reference Ðles recommended by the HST data
archive for each epoch. The images of each exposure set
were shifted by 5 PC pixels in each axis to a common regis-
tration coinciding with the nominal telescope pointing. The
shifted images then were combined to produce a single
image devoid of cosmic-ray or ““ hot pixel ÏÏ artifacts. The
Ðnal images represented the average of their constituent
exposures after rejection of pixel values at least 3 p above
the mean value at that location. For the single F675W
image, artifacts were identiÐed by visual inspection.

Subtraction of Gl 229AÏs point-spread function (PSF)
from the vicinity of point sources in the PC Ðeld was per-
formed using the NOAO IRAF task IMSURFIT. Bivariate

Legendre polynomials were Ðtted to the PSF outside a cir-
cular aperture encompassing each source and lying within a
25 ] 25 pixel subimage centered on that source. The Ðtted
surfaces were then subtracted from the subimage, providing
noiseless removal of the PSF. Image centers and Ñuxes of
each source were determined by averaging individual mea-
surements of each from the PSF-subtracted subimages
created from polynomial Ðts of varying order.

The astrometric and photometric measurements for all
sources in the WFPC2 FOV were obtained using conven-
tional methods of aperture photometry. The image centers
were determined using an image centroid algorithm in
which only those pixels having intensities above the mean
intensity of the photometry aperture were used Costa(Da

The centroids were then transformed to distortion-1992).
free coordinates using the STSDAS task METRIC

Ewald, & Kinney The measured Ñuxes(Gilmozzi, 1995).
were converted to instrumental magnitudes by applying the
aperture corrections and synthetic zero points deÐned by
Holtzman et al. for the WFPC2 photometric(1995a, 1995b)
system. In the WFPC2 system, Vega has mB 0 through all
broad- and medium-band WFPC2 Ðlters. This system
di†ers signiÐcantly from the standard STScI magnitude
system (STMAG), in which an object with a constant-Fjspectrum and m\ 0 has a monochromatic Ñux of Fj\
3.63] 10~9 ergs cm~2 s~1 Ó~1.

3. RESULTS

shows sections of the long-exposureFigure 1 9A.1 ] 13A.7
F1042M, F814W, and F675W images of the Gl 229 system
obtained on UT 1995 November 17. The logarithms of the
pixel intensities are displayed to reduce image contrast. The
Ðelds have been rotated counterclockwise by 13¡ so that
north is up and east is to the left. Evident in the images are
the di†raction spikes caused by the HST and PC
secondary-mirror spiders and the charge overÑow from the
saturated pixels near Gl 229A. The source located to the
south-southeast of Gl 229A is the same object identiÐed by

as the brown dwarf companion Gl 229B. The imageN95
sections have been normalized to the same brightness at
a distance of 30 pixels from Gl 229A to emphasize(1A.4)
the redness of Gl 229B at optical wavelengths. Despite the
logarithmic display, Gl 229B is barely detectable in the
F675W image.

3.1. Photometry of Gl 229B
lists the Ñuxes and WFPC2 magnitudes forTable 1

Gl 229AB in the F1042M, F814W, and F675W bandpasses
measured for each epoch. The equivalent STScI magnitudes
are listed for sake of comparison. The values for Gl 229B
were obtained using the average PSF-subtracted subimages
described in and the photometric calibration technique° 2
of et al. The uncertainties in the ÑuxesHoltzman (1995a).
represent the combined e†ects of read noise, photon noise,
PSF subtraction error, Ñat-Ðeld inaccuracy (1% on small
scales), and zero-point uncertainty The measured([2%).
Ñuxes of Gl 229B through F1042M and F814W are consis-
tent with the Gunn z and i measurements reported by N95
(and tabulated by and are up to 5 times more certain.M96),
The detection of Gl 229B through F675W is the Ðrst ever
reported at R-band wavelengths (N95 ; et al.Schultz

The WFPC2 colors of Gl 229B measured from the1998).
Ðrst-epoch images are andm675 [ m814 \ 3.84 ^ 0.24
m814[ m1042 \ 4.39 ^ 0.06.
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FIG. 1.ÈImages of Gliese 229AB obtained on UT 1995 November 17 using the HST Planetary Camera. The panels are sections of two9A.1 ] 13A.7
combined 300 s exposures through F1042M (left), two combined 400 s exposures through F814W (middle), and one 500 s exposure through F675W (right).
The logarithms of the pixel intensities are presented to reduce image contrast. The Ðelds have been rotated counterclockwise by 13¡ so that north is up
(indicated by the arrow) and east is left. Gl 229B is located from Gl229A at a position angle of The panels have been normalized to a common7A.761 163¡.55.
brightness 30 pixels from Gl 229A to emphasize the redness of Gl 229B at optical wavelengths. Although barely detectable in the bottom panel, Gl 229B(1A.4)
is imaged through F675W with S/N\ 5.

The F1042M Ñuxes measured for Gl 229AB are invariant
from epoch to epoch. However, the F814W Ñuxes of
Gl 229B measured in epochs 1 and 2 do not agree within the
computed uncertainties. The lack of temporal and chro-
matic correlation between these measurements discourages
the notion that Gl 229B is photometrically variable. The
discrepancy is more likely attributable to the photometric
performance of WFPC2 and the Ñux calibration of the data.
Holtzman et al. reported that the WFPC2(1995a, 1995b)
CCDs have substandard charge transfer efficiency, which
may cause absolute photometric errors as large as 4%
depending on the brightness and location of the source and
background signal. Moreover, small changes in the detec-
tion efficiency of the PC can occur in the days or weeks

between the calibration and science observations. For
example, the Ñuxes measured from the images calibrated
shortly after each observation by the STScI data pipeline

et al. di†ered by 3%È4% from those mea-(Leitherer 1995)
sured from images recalibrated later using better suited cali-
bration data. Although these instrumental and calibration
errors cannot be precisely quantiÐed, their combined uncer-
tainty probably exceeds the 1% required to bring the dis-
crepant F814W Ñuxes into accord.

3.2. Relative Astrometry of Gl 229B
The motive for choosing three observational epochs

spaced 6 months apart was to compute explicitly and inde-
pendently the proper motion and parallax of Gl 229B. With

TABLE 1

WFPC2 PHOTOMETRY OF GLIESE 229AB

MAGNITUDEa
EXPOSURE DATE Fj FlFILTER (s) (UT) (ergs cm~2 s~1 Ó~1)b (Jy)b STMAG WFPC2 Errorb S/Nc

Gl 229A:
F1042M . . . . . . 1.6 1995 Nov 17 (3.844 ^ 0.086)] 10~12 13.38^ 0.30 7.438 5.481 ^0.024 862

1996 May 26 (3.851 ^ 0.086)] 10~12 13.40^ 0.30 7.436 5.479 ^0.024 607
1996 Nov 11 (3.869 ^ 0.087)] 10~12 13.47^ 0.30 7.431 5.474 ^0.024 862

Gl 229B:
F1042M . . . . . . 300 1995 Nov 17 (5.08 ^ 0.18)] 10~16 (1.77^ 0.06)] 10~3 17.14 15.18 ^0.04 35

1996 May 26 (5.19 ^ 0.15)] 10~16 (1.80^ 0.05)] 10~3 17.11 15.16 ^0.03 56
1996 Nov 11 (5.09 ^ 0.16)] 10~16 (1.77^ 0.06)] 10~3 17.13 15.18 ^0.03 45

F814W . . . . . . . 400 1995 Nov 17 (1.77 ^ 0.06)] 10~17 (3.76^ 0.13)] 10~5 20.78 19.57 ^0.04 37
1996 May 26 (1.90 ^ 0.05)] 10~17 (4.04^ 0.10)] 10~5 20.70 19.49 ^0.03 68

F675W . . . . . . . 500 1995 Nov 17 (8.57 ^ 1.71)] 10~19 (1.28^ 0.26)] 10~6 24.07 23.41 ~0.20`0.24 5

a Magnitudes are based on synthetic zero points given by et al. for the STScI and WFPC2 photometric systems. Zero points are deÐnedHoltzman 1995a
for a radius aperture.0A.5

b Uncertainties include read noise, photon noise, background subtraction error, calibration accuracy, and instrumental e†ects (see ° 3.1).
c Based on read noise, photon noise, and background subtraction error only.
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these parameters, the brown dwarfÏs bolometric luminosity
and companionship with Gl 229A could be veriÐed. This
task required the presence of distant background stars in
the PC FOV against which the motion of Gl 229B could be
measured. No such stars appeared in the 300 s images
through F1042M, but Ðve faint ([20 mag) stars did appear
in the 400 s images through F814W. Unfortunately, because
of a miscommunication during observation planning, no
F814W images were recorded during the third epoch. Con-
sequently, independent derivations of Gl 229BÏs proper
motion and parallax were unobtainable. Nevertheless,
astrometric measurements relative to Gl 229A were obtain-
able and permitted a reliable assessment of Gl 229BÏs nature
as a binary companion.

To determine accurately the position of Gl 229B relative
to Gl 229A, the image centroids of each were computed
using the 1.6 and 300 s exposures through F1042M.
Because the signal-to-noise ratio (S/N) of each sourceÏs
image is large (see the accuracy of the centroid as aTable 1),
position estimator is limited not by photon noise but by
telescope pointing, background subtraction, image distor-
tion, and the accuracy of the centroid algorithm itself.
Variations of Gl 229AÏs centroid measured from the indi-
vidual 1.6 s images showed that the rms error of the inter-
exposure pointing o†sets was at most 0.03 pixels along each
axis of the PC. Thus, the centroids measured from the com-
bined 1.6 and 300 s images were una†ected by pointing
error and jitter. Measurements of Gl 229BÏs centroid from
the Ðnal background-subtracted subimages described in ° 2
varied by pixels (rms), indicating an insensitivity to[0.01
the order of the bivariate polynomial Ðt. et al.Gilmozzi

characterized the geometric image distortion caused(1995)
by the WFPC2 optics and derived equations of transform-
ation between measured image centroids and orthogonal
coordinate systems for each WFPC2 camera. They com-
puted an rms error between actual and transformed coordi-
nates of D0.11 PC pixels. estimates theMonet (1992)
accuracy of the image centroid algorithm to be D0.1 pixels.
Combined in quadrature, these uncertainties amount to an
actual image-center error of D0.16 PC pixels.

Any measured changes in the position angle of Gl 229AB
between epochs are limited in accuracy by the uncertainty
of HST Ïs roll-angle o†set between visits. This uncertainty
may be quantiÐed by examining the positions of Ðxed back-
ground stars in the WFPC2 images. The Ðve background
stars appearing in the F814W PC images are useful for
determining the angular o†set of the PC between epochs 1
and 2. Although no background stars appeared in the
F1042M PC images, 51 stars were imaged by the three
WFCs in epochs 1 and 3. These 51 stars may be used to
determine the angular o†set of the PC between epochs 1
and 3 only if the o†sets of the PC and WFCs are consistent-
ly identical. If so, the 25 stars appearing in that 20% of the
WFC FOV imaged in both epochs 1 and 2 also may be used
to improve the o†set statistics generated by the Ðve stars in
the PC images.

To compute the roll-angle o†sets between epochs, the
position angles of all pairs of background stars imaged in
each camera were computed from their distortion-corrected
centroids et al. and then di†erenced from(Gilmozzi 1995)
the position angles of the same star pairs imaged in di†erent
epochs. The di†erences were then weighted by the product
of the Ñuxes of the star pairs and averaged to produce a
mean angular o†set between epochs for each camera. The

TABLE 2

ROLL-ANGLE OFFSETS BETWEEN EPOCHS

ROLL-ANGLE OFFSET (deg)

CAMERAa FILTER Epoch 2ÈEpoch 1 Epoch 3ÈEpoch 1

PC1 . . . . . . . . . . F814W 179.86^ 0.02 . . .
WF2 . . . . . . . . . F814W 179.87^ 0.03 . . .

F1042M 179.93^ 0.06 359.86^ 0.03
WF3 . . . . . . . . . F1042M . . . 359.84 ^ 0.03
WF4 . . . . . . . . . F814W 179.88^ 0.06 . . .

F1042M . . . 359.87 ^ 0.03
Average . . . 179.88^ 0.02 359.86^ 0.02

a Camera in which star pairs were imaged during epoch 1.

resultant o†sets are shown in The uncertaintiesTable 2.
reÑect the rms deviation of the individual o†sets measured
for the star pairs imaged in the respective cameras. (Note
that the star pairs imaged by WF2 during epochs 1 and 2
appeared in WF4 during epochs 2 and 1, respectively. Stars
imaged by WF3 in epochs 1 and 2 were not reimaged in
epochs 2 and 1, respectively.) The resultant o†sets for
epochs 1 and 2 are the same, within the uncertainties, for the
PC and the WFCs. Similar agreement is seen among the
resultant o†sets measured for epochs 1 and 3 using the three
WFCs, so the average of these o†sets may be conÐdently
applied to the third-epoch PC images.

Using an image scale of pixel~1 for the PC0A.04554
et al. a Ðrst-epoch HST roll angle of(Holtzman 1995b),

(determined from the PA–V3 image-header328¡.00 ^ 0¡.07
keyword and a guide star position error of 1A), and the
average roll-angle o†sets from we Ðnd that Gl 229BTable 2,
lay at the following separations and position angles from
Gl 229A:

1995 November 17 : 7A.761 ^ 0A.007 at 163¡.55 ^ 0¡.10 ,

1996 May 26 : 7A.720 ^ 0A.007 at 163¡.69 ^ 0¡.10 ,

1996 November 11 : 7A.674 ^ 0A.007 at 163¡.91 ^ 0¡.10 .

The change in the relative position of Gl 229B between
epochs 1 and 3 is D50 p less than the(0A.100 ^ 0A.013)
annual proper motion of Gl 229A yr~1 ;(0A.727 ^ 0A.001

Since the parallactic motion of both objects overESA 1997).
0.98 yr is nearly zero, we concur with that Gl 229A andN95
B exhibit common proper motion. Barring the unlikely sce-
nario that the pair are comoving but not gravitationally
bound, we conclude that the monotonic motion of Gl 229B
relative to Gl 229A tabulated above is orbital in nature.

3.3. Search for Fainter Companions
The large S/N of the F1042M and F814W images of

Gl 229B demonstrates the usefulness of WFPC2 for seeking
faint companions to nearby stars. & GolimowskiSchroeder

assessed the PCÏs ability to detect such companions(1996)
and formulated an algorithm that systematically identiÐes
point sources embedded in the PCÏs complex PSF. They
determined that this algorithm can locate a faint source
anywhere within the circumstellar Ðeld provided that the
sourceÏs brightness is at least 10 p above the local back-
ground. We applied this search algorithm to the PC images
of Gl 229AB to identify any fainter companions in the
system and to establish an upper limit to the brightness of
any undetected companions.

Because the same Ðeld was imaged by the PC in all three
epochs, the search algorithm was applied to the Ðrst-epoch
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FIG. 2a FIG. 2b

FIG. 2.ÈSignal and absolute magnitude detection limits for faint companions to Gl 229A imaged in the PC through (a) F1042M, and (b) F814W. The
dashed curves show the azimuthally averaged image proÐles of Gl 229A through each bandpass. The solid curves trace the detection limits for point sources
having 4 pixels equal to 10 p above the local background. The location and brightness of Gl 229B in each bandpass is plotted for reference.

F1042M and F814W images only. The search space was
centered on Gl 229A and spanned the entire PC FOV
except for those regions vignetted by the shadow of the
WFPC2 pyramid et al. or saturated by the(Burrows 1995)
excess charge from Gl 229AÏs image. Because the excess
charge Ñows predominantly along the columns of pixels, the
inner radial limit of the search varied with azimuth. The

minimum search radii (oriented perpendicular to the charge
overÑow) were for the 300 s F1042M image andD0A.25

for the 400 s F814W image. The 5 s F814W imageD1A.25
was also examined to provide search coverage of the region

from Gl 229A in that bandpass. The dashed0A.25È1A.25
curves in Figures and show the azimuthally averaged2a 2b
proÐles of Gl 229A from the long-exposure F1042M and

FIG. 3a FIG. 3b

FIG. 3.ÈColor-magnitude diagrams of all point sources identiÐed in the WFPC2 FOV during any two epochs. (a) Plot of vs. (b) Plot ofm814 m675[ m814.vs. Gl 229B is plotted for reference. No other source is sufficiently red to be considered a very low mass companion candidate. Moreover,m814 m814 [ m1042.none of the other sources exhibit common proper motion with Gl 229AB.
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F814W images, respectively. The proÐles were sampled over
5 ] 5 pixel arrays in radial steps of and azimuthal inter-0A.5
vals of 30¡. Care was taken to avoid the di†raction spikes,
charge overÑow, and Gl 229B. The solid curves trace the
detection limits for point sources having 4 pixels equal to
10 p above the local background. In each Ðgure, the loca-
tion and brightness of Gl 229B is plotted as a point of
reference. The Ðgures demonstrate that F1042M is the
better bandpass for seeking Gl 229BÈlike objects within 4A
of Gl 229A, while F814W is more suitable for searching
beyond this angular distance.

The search algorithm identiÐed six astronomical sources
(excluding Gl 229B) in the F814W image and none in the
F1042M image. The six sources in the F814W image con-
sisted of Ðve faint stars (one of which(20.5\ m814\ 22.5)
was binary) and one bright galaxy. These six(m814 B 18)
sources also appeared in the F675W image ; none were
redder than None of the sourcesm675 [ m814 \ 1.5.
exhibited proper motion greater than (0.5 pixels)0A.02
between epochs 1 and 2, so all were deemed to be distant
background objects.

Because the background signal in the WFC images was
mostly devoid of scattered light from Gl 229A, visual
inspection alone was sufficient for identifying sources with

We computed the Ñuxes and distortion-free cen-S/N Z 5.
troids of all WFC sources with F1042M and F814W Ñuxes
brighter than S/N \ 5 (i.e., andm1042\ 19.2 m814 \ 24.7)
that appeared in at least two epochs or bandpasses. These
selection criteria permitted identiÐcation of widely separat-
ed companion candidates from their colors or proper
motions. We identiÐed 174 sources, of which 159 are point-
like (presumably stars) and 15 are galaxies. Figures and3a

show the color-magnitude diagrams of all the point3b
sources identiÐed in the WFPC2 FOV during any two
epochs. The distribution of colors in each Ðgure is consis-
tent with interstellar reddening at a Galactic latitude of
[18¡. No source is sufficiently red to be considered a very
low mass companion candidate. Moreover, none of the
WFC sources exhibit any signiÐcant proper motion.

In summary, we detected no other potential companions
to Gl 229A brighter than (1) the 10 p limits depicted in

for the PC images and (2) orFigure 2 M1042 \ 20.4
in the WFC images.M814 \ 25.9

4. DISCUSSION

Using a parallax of for Gl 229A0A.17319 ^ 0A.00112 (ESA
and the Ðrst-epoch images, we compute for Gl 229B1997)

absolute WFPC2 magnitudes of M1042\ 16.37^ 0.04,
and Thus,M814 \ 20.76^ 0.04, M675 \ 24.60~0.20`0.24.

Gl 229B is the least luminous object beyond our solar
system ever imaged at optical wavelengths. The broadband
Ñux ratios measured from the same images are f1042/f814 \

and Since the interval between the28.7 f814/f675 \ 20.7.
pivot wavelengths of F814W and F1042M is about 1.75
times that between F675W and F814W, the average Ñux
from Gl 229B in these bandpasses increases D28% more
rapidly between F675W and F814W than it does between
F814W and F1042M.

et al. and have shown that the broad-Tsuji (1996) M96
band Ñuxes from 0.8 to 10 km reported by M96 are well
Ðtted by model spectra of dust-free, brown dwarf photo-
spheres with and 1000 K. Tsuji has kindly pro-Teff \ 900
vided us with two sets of his revised dust-free models for

and 1000 K. The sets are distinguished by theTeff \ 900

inclusion (model A) or exclusion (model C) of opacity from
TiO and VO. Both sets of models include some transitions
of and We compare our WFPC2 measurementsH2O CH4.with TsujiÏs model spectra in Both model CFigure 4.
spectra match the measured F1042M Ñux well, but they
severely overestimate the Ñuxes observed through F675W
and F814W. Although absorption by TiO and VO is absent
from the observed optical spectrum of Gl 229B

et al. et al.(Oppenheimer 1998 ; Schultz 1998 ; Oppenheimer
the model A spectra are signiÐcantly better matches1998),

to the F675W and F814W Ñuxes. Schultz et al. (1998) noted
a similar overestimation of Gl 229BÏs optical Ñux in the
model spectra of Allard et al. They surmised that the emer-
gent Ñux shortward of 0.8 km is strongly absorbed by dust
grains suspended in the photosphere. Oppenheimer et al.
(1998), however, have reported that the near-infrared spec-
trum of Gl 229B cannot be reproduced by any of the dusty-
photosphere models of et al. Because theseTsuji (1996).
models consider the e†ects of only the most abundant
species of dust, it remains to be seen whether this dilemma
can be resolved by the inclusion of condensates from less
abundant refractory elements.

Although the spectral energy distribution of Gl 229B has
been studied extensively in the last 2 years, the question
concerning Gl 229BÏs formation as a binary or a planetary
companion remains unanswered. has suggestedBoss (1996)
that orbital eccentricity may resolve this question, since
binary stars usually have elliptical orbits &(Duquennoy
Mayor and planets form with nearly circular orbits.1991)
The 1 year span of our observations is insufficient for com-

FIG. 4.ÈComparison of measured WFPC2 broadband Ñuxes with
models of dust-free, brown dwarf photospheres by Tsuji. Optical spectra
are shown for brown dwarfs with solar metallicity, log g \ 5, and Teff \and 1000 K at a distance of 5.774 pc. The spectra are grouped accord-900
ing to the inclusion (model A) or the exclusion (model C) of opacity from
TiO and VO. (Neither molecule is observed in the actual optical spectrum
of Gl 229B.) All models include some transitions of and TheH2O CH4.model C spectra match the measured F1042M Ñux well, but severely over-
estimate the observed Ñuxes through F675W and F814W. These Ñuxes are
betted matched by the model A spectra, which indicates that a strong
source of optical continuum opacity exists in the photosphere of Gl 229B.
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puting Gl 229BÏs orbit, but its eccentricity can be con-
strained from our astrometry and KeplerÏs laws. The
semimajor axis, a, of a Keplerian orbit is

a \
A2
r
[ v2

k
B~1

, (1)

where r \ o r(t) o and are the separation and veloc-v\ o ¿(t) o
ity of the orbiting body at time t. The quantity k equals

where G is the gravitational constant andG(m1] m2), m1and are the component masses. For bound orbits, a º 0.m2The eccentricity, e, of a bound orbit is

e\
SA

1 [ r
a
B2]

A u
na2
B2

, (2)

where u \ r and n \ (k/a3)1@2Æ ¿, (Danby 1988).
Equations (1) and (2) cannot be solved uniquely without

knowing Gl 229BÏs motion along the line of sight, but a and
e can be constrained from the observed motion in the plane
of the sky. Gl 229BÏs motion between epochs 1 and 3 was

of which (1.91^ 0.230A.100 ^ 0A.013, [0A.087 ^ 0A.010
pixels) was radial motion and (1.07^ 0.42]0A.049 ^ 0A.019
pixels) was azimuthal motion. Assuming a mass of 0.57 M

_for Gl 229A & McCarthy we have computed(Henry 1993),
lower limits to the kinetic (T ) and potential (U) energies of
Gl 229B from its projected position and velocity between
these epochs. We Ðnd that whichTmin/UminB [0.34,
strongly supports (though does not prove) a bound orbit.
Figures and depict the loci of a and e, respectively, for5a 5b
such orbits, based on Gl 229BÏs average position and veloc-
ity between epochs 1 and 3, varying values of Gl 229BÏs
line-of-sight position and velocity, and an estimated mass
for Gl 229B of 0.045 From these parameters, weM

_
.

compute AU, a period yr,a Z 32 P\ (4n2a3/k)1@2 Z 236
and (For the 6 month intervals between epochs 1eZ 0.25.
and 2 and epochs 2 and 3, and 0.45, respectively.)eZ 0.07
Although this eccentricity may imply a binary rather than
planetary origin for Gl 229B, a verdict based solely upon
the small sample statistics of known planetary orbits is
questionable at best.

The theory and observation of brown dwarf atmospheres
are in their adolescence. At this time, we cannot accurately
predict the F1042M and F814W Ñuxes of brown dwarfs
older or less massive than Gl 229B. Therefore, we cannot
with certainty interpret the limiting magnitudes of our
search for fainter companions in terms of age or mass limits.
Rough estimates are possible, however, if assumptions are
made about the behavior of the optical spectra of older or
less massive brown dwarfs. et al. have madeBurrows (1997)
the Ðrst theoretical predictions of the infrared colors and
absolute magnitudes of brown dwarfs with K.Teff [ 1300
They present an versus J[K diagram showing theM

Jtheoretical isochrones of brown dwarfs with ages 0.5, 1, and
5 Gyr (their Fig. 20). If we assume that scales pro-M1042portionally to (not an unreasonable assumption, givenM

Jtheir model spectra), then the asymptotic limit of the 10 p
detection curve in corresponds approximately toFigure 2a
mass detection limits of 10, 15, and 33 for brownMJupdwarfs of age 0.5, 1, and 5 Gyr, respectively. Likewise, the
mass detection limits corresponding to forM1042 \ 20.4
the WFCs are about 7, 10, and 23 for brown dwarfs ofMJupage 0.5, 1, and 5 Gyr, respectively. Although the F814W
magnitude limits are deeper than those for F1042M, the
F814W Ñux from brown dwarfs drops with decreasing Teffmore rapidly than the F1042M Ñux. Consequently, F814W
may be less sensitive than F1042M to old or low-mass
brown dwarfs.

FIG. 5a FIG. 5b

FIG. 5.ÈLoci of (a) semimajor axes and (b) eccentricities consistent with bound Keplerian orbits and the observed motion of Gl 229B between epochs 1
and 3. The parameters are shown as functions of the line-of-sight position and velocity of Gl 229B relative to the the plane of the sky. The heavy contours
reÑect the boundaries between bound and unbound orbits. We compute AU, and yr for Gl 229B, assuming masses of 0.57 and 0.045a Z 32 eZ 0.25, PZ 236

for Gl 229A and B, respectively.M
_
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