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ABSTRACT
We have performed a Keck adaptive optics (AO) imaging survey of 25 extrasolar planetary systems

discovered by the radial velocity programs. Typically, the high-resolution near-infrared(FWHMD 0A.04)
images are able to detect point sources at *H \ 10 at 1A, L and T dwarfs at and stars and0A.5È2A,
brown dwarfs at 3È10 and 10È100 AU from the targets. The AO images reveal 15 faint sources (H \ 14È
20) near the stars HD 37124, HD 168443, HD 187123, and HD 190228 out to a search radius of We3A.3.
have obtained AO images at a second epoch for Ðve of the candidate companions at Keck and Gemini
Observatories. The resulting measurements of proper motions relative to the primary stars indicate that
these Ðve sources are background stars. Given that the four primaries are near the Galactic plane
( o b o\ 6¡), the remaining faint sources are also likely to be background stars rather than substellar com-
panions. We present the companion detection limits for each target as a function of separation and
compare them to the sensitivities of radial velocity surveys, demonstrating the complementary nature of
the two techniques.
Subject headings : binaries : close È planetary systems È stars : low-mass, brown dwarfs È

techniques : high angular resolution

1. INTRODUCTION

In the search for planetary companions outside of our
solar system, a variety of techniques have been devised and
implemented, of which radial velocity monitoring has
proven the most successful to date. Such measurements
have led to the discovery of planets with masses greater
than 0.3 and separations of a few AU or less aroundMJup
D60 nearby stars (Mayor & Queloz 1995 ; Marcy & Butler
1996 ; Cochran et al. 1997 ; Noyes et al. 1997 ; Udry, Mayor,
& Queloz 2001 ; Butler et al. 2000 ; Fischer et al. 2001b ;
Tinney et al. 2001). Combining those results with data on
spectroscopic binaries produces a distribution of compan-
ions from 1 to 1000 that is characterized by aMJupminimum or ““ brown dwarf desert ÏÏ at 10È30 (e.g.,MJupMarcy & Butler 1998). This feature is likely a reÑection of
two formation mechanisms, one that creates planets from
disks and one that produces companion stars and brown
dwarfs (e.g., core fragmentation). However, to fully under-
stand the processes of planet and binary star formation, it is
essential that the frequency of companions is measured over
the maximum possible range of separations. For instance,
the conspicuous paucity of brown dwarf companions at [5
AU may not exist at separations beyond 1000 AU (Gizis et
al. 2001).

Known extrasolar planetary systems are logical initial
targets for a search for companions at modestly wide
separations (10È100 AU). Gravitational perturbations by
outer substellar or stellar companions may be responsible
for the eccentric orbits observed for many planetary com-
panions. To properly evaluate the stability and evolution of
these planets (e.g., Rivera & Lissauer 2000), wide massive
companions must be searched for and included in the
analysis. Furthermore, if substellar companions can be re-
solved from primaries, spectroscopic analysis would
provide constraints on masses, temperatures, surface gravi-

ties, and compositions, and thus contribute to our under-
standing of the physical characteristics of substellar objects
(Marley et al. 1996 ; Allard et al. 1996). Finally, as radial
velocity measurements are accumulated over longer periods
of time, they are becoming sensitive to companions at larger
separations. It already appears that at least 50% of stars
with planets have additional distant companions (Marcy et
al. 2001a ; Marcy, Cochran, & Mayor 2001b ; Fischer et al.
2001b), which suggests that a search for a substellar objects
at still wider separations through high-resolution direct
imaging could prove fruitful.

Direct imaging has become increasingly e†ective in
detecting faint companions to bright stars. In high-
resolution imaging with WFPC2 on board the Hubble
Space Telescope (HST ), Schroeder et al. (2000) probed for
massive and young brown dwarfs at 1È60 AU from 23
nearby stars. From the ground, Oppenheimer et al. (2001)
used optical coronographic data and near-infrared (IR)
images to search for companions at 40È120 AU and above
40 near most of the known stars within 8 pc, whichMJupresulted in the discovery of the brown dwarf companion
Gl 229B (Nakajima et al. 1995). The tip-tilt techniques
used for enhanced image quality by Oppenheimer et al.
(2001) have been followed by higher order adaptive optics
(AO) systems that achieve comparable and sometimes
superior spatial resolution and sensitivity to those of HST .
Near-IR AO imaging already has been used to discover
binary systems whose members are near the hydrogen
burning mass limit et al. 2000 ; Close et al. 2002). In(Mart•� n
addition, AO has been performed in conjunction with radial
velocity measurements of nearby stars (Delfosse et al. 1999)
and has resulted in the discovery of a brown dwarf compan-
ion (D50 H \ 14.4) to the planet-bearing star Gl 86MJup,(Els et al. 2001). In this paper, we present the results of a
survey for companions to 25 planetary systems using
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near-IR AO imaging at Keck Observatory. We report
astrometry and photometry for several point sources found
in these images and discuss their likely origin as compan-
ions or background Ðeld stars. We characterize the detec-
tion limits of these data in both observational and physical
units, which are then compared to the sensitivities of the
radial velocity surveys, and we discuss the implications of
these data for individual planet-bearing stars.

2. OBSERVATIONS AND DATA ANALYSIS

2.1. Adaptive Optics Imaging
During the nights of 2000 May 10, June 27, and Septem-

ber 16È18, we used the Shack-Hartmann AO system on the
Keck II Telescope (Wizinowich et al. 2000) in conjunction
with KCam, a NICMOS3 256] 256 near-IR camera, to
obtain images of 25 stars for which planetary companions
have been discovered in previous radial velocity measure-
ments. Properties of the planetary systems in our sample are
given in Table 1. The plate scale of KCam was 0A.01744

pixel~1, corresponding to a total Ðeld of^ 0A.0005 4A.46
The lower right-hand quadrant of the array was] 4A.46.

not functional. A cold Ðlter wheel contained J, H, and K@
Ðlters. Warm external Ðlters included an open Ðlter and
neutral density Ðlters that attenuated the signal by factors
of 10, 100, and 1000 (N1, N2, and N3). The H-band Ðlter
was selected for all observations because it produces the
optimum combination of spatial resolution and sensitivity
and because substellar objects are relatively bright in this
band.

The targets were grouped into pairs of stars that were
close together on the sky The stars in a pair were([15¡).
observed in succession so that the data for one star provid-
ed an estimate of the point-spread function (PSF) for the
other star. Images for a given star were obtained in the
following manner. The star was Ðrst centered in one of the
three operating quadrants of the array. The exposure time
and neutral density Ðlter were selected such that the
maximum number of counts in the image was between 50%
and 80% of the saturation level, where 5 s and N3 were
typical choices for a star at H \ 5. Multiple exposures were
obtained at each of two positions that were separated by

(5 pixels) along the rows and columns of the array.0A.0872
Similar exposures were obtained through the less opaque
neutral density Ðlters and the open Ðlter to reach suc-
cessively fainter magnitudes. The same steps were then fol-
lowed for the star that was paired to this target. These data
are used to search for companions within the quadrant sur-
rounding each star (\1A.1).

The following observations were designed to reach larger
separations. A target was centered in the upper left-hand
quadrant of the camera array. Because the area of the array
directly surrounding the target was already imaged and
would be saturated in long exposures, the telescope was
o†set by (128 pixels) in each direction on the array to2A.232
place the star near the center of the lower right-hand dead
quadrant. Three images were obtained at each position in
the same dither pattern used previously. Each image con-
sisted of the sum of two exposures with integration times of
30 s for most stars and 5 s for the brightest targets, which
were short enough to avoid saturation within the operating
quadrants of the array. As a result, the total integration
time was typically 6 minutes. These steps for the long expo-
sures were repeated at two additional position angles at

intervals of 120¡, providing full and partial coverage out to
radii of and surrounding each star. The position3A.3 4A.6
angle of the array was Ðxed during a given image.

We now comment on a few departures from the above
observing strategy. The observations of o1 55 Cnc and 47
UMa di†ered from the standard procedure because the
observations of these two objects were completed before the
Ðnal strategy was adopted. Only the N3 and open external
Ðlters were used for these stars. In addition, only short
exposure times were used for 47 UMa. Similarly, only short
exposures were obtained for HD 168443 on the Ðrst night of
observations. As a result, only the brightest two objects
near HD 168443 in Table 2 were detected in those data. A
complete data set with the Ðnal observing procedure was
obtained for HD 168443 during the later observing runs.
The faint objects near the HD187123, HD37124, and
HD168443 were noticed in the data that were reduced at
the telescope. To facilitate the measurement of the positions
of these sources relative to the primaries, we obtained addi-
tional exposures in which both the faint sources and the
primaries appeared in good quadrants of the array.

Two of the stars with faint nearby sources in the Keck
data, HD 187123 and HD 37124, were observed with the
University of Hawaii HokupaÏa AO system in conjunction
with the 1024 ] 1024 near-IR camera QUIRC (Graves et
al. 1998) on the Gemini North Telescope during the night of
2001 October 7. The plate scale of QUIRC was 0A.01998

pixel~1, corresponding to a total Ðeld of^ 0A.0008 20A.46
We obtained twelve 30 s exposures of HD 187123] 20A.46.

and seven 1 s exposures of HD 37124 through the H-band
Ðlter. These exposure times were selected to minimize the
saturation of the primary stars while providing sufficient
sensitivity to detect the faint sources found in the Keck
data, thus optimizing the astrometry for those sources rela-
tive to the primaries. The Gemini AO data for HD 187123
and HD 37124 exhibited andFWHM\ 0A.14 0A.09,
respectively.

2.2. Image Processing
Standard data reduction procedures were followed for

the AO images. The Keck images were divided by twilight
sky Ñat frames, while the Gemini data were divided by
dome Ñat frames. O†sets between dithered frames were
measured from the centroids of nonsaturated point sources
or the isophotes around saturated stars. Dithered frames
were then combined into one image.

The properties of the Keck AO data are illustrated in
Figure 1, which shows images of 51 Peg at various signal
levels. The AO-corrected PSF is characterized by a bright
narrow core whose width pixels)(FWHMD 0A.04 \ 2.3
approaches the di†raction limit and a low-level broad halo
that is comparable in size to the seeing disk (FWHM D

pixels). Astronomical point sources must be distin-0A.5 \ 29
guished from pointlike speckles that reside within the halo.
This was accomplished by visually comparing the images of
a given pair of targets that were observed consecutively and
thus act as PSF stars for each other. In addition, because
most of the PSF features rotate on the array (and thus the
sky) with time, we could distinguish speckles from astrono-
mical sources by comparing the images at the individual
dither positions for a star. At larger radii from a star, the
features of the PSF are radially elongated and therefore are
not mistaken for companions. The sources that were found
in this manner are listed in Table 2. Images of the objects
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TABLE 1

PROPERTIES OF PLANETARY SYSTEMS

aa M sin ia M
Hip

b Stellar Age
Star (AU) (MJup) References (MJup) (Gyr) Referencesc

t And . . . . . . . . . . . . . 0.059 0.58 1 . . . 3.8 ^ 1, 2.7^ 0.3, 2.6~1`2.1, 2.9^ 0.6, 3.3^ 0.5, \4 2, 3, 4, 5, 6, 7
0.828 2.05 8, 9 . . .
2.56 4.29 8, 9 \19

HD 10697 . . . . . . . . 2.12 6.08 10 \92 7.8 ^ 0.5, 6.0 11
HD 12661 . . . . . . . . 0.795 2.84 12 \140 8^ 1, 8.4 11
HD 16141 . . . . . . . . 0.351 0.22 13 \530 8.5 ^ 0.5, 6.7 11
HD 19994 . . . . . . . . 1.26 1.83 14 \66 3^ 0.3, 4.3 3, 15
v Erid . . . . . . . . . . . . . 3.36 0.88 16 \22 0.5È1, 0.73^ 0.2 17, 18
HD 37124 . . . . . . . . 0.547 1.13 10 \480 3.9 11
HD 38529e . . . . . . . 0.129 0.77 9 . . . 3^ 0.5, 3.7 11
HD 46375 . . . . . . . . 0.041 0.25 13 . . . 4.5 11
HD 52265 . . . . . . . . 0.493 1.14 12, 19 \140 2.1^ 0.3, 4.0, 3.5 8, 8, 19
o1 55 Cncf . . . . . . . 0.118 0.93 1 \290 \5, 4 ^ 3, 5, 8.4~8.3`7.1, 4È5 2, 20, 21, 4, 7
47 UMa . . . . . . . . . . 2.09 2.54 22 \15 7.3^ 1.9, 6.6~1.3`1.5, 8 ^ 2, 6.3, 6.3~2.4`2 , 6 23, 3, 24, 21, 5, 7

3.73 0.76 25 . . .
o CrB . . . . . . . . . . . . . 0.224 0.99 26 \230 10.2^ 1.7, 12.1^ 1.1, 11^ 2, 12.3, 14.1~2.4`2 , 6 2, 3, 24, 21, 4, 7
14 Her . . . . . . . . . . . . 3.17 4.05 27 \20 6 28, 21
HD 168443 . . . . . . 0.295 7.64 29 . . . 10.5 ^ 1.5, 7.4, 8 11, 11, 30

2.87 16.96 30, 31 \80
16 Cyg B . . . . . . . . . 1.69 1.68 32 \27 8^ 1.8, 9^ 2, 9, 6È7 2, 24, 21, 7
HD 187123g . . . . . . 0.042 0.54 33 . . . 4~0.5`1 , 5.5 28, 21
HD 190228 . . . . . . 2.25 5.01 34 \77 . . . . . .
HD 195019 . . . . . . 0.136 3.55 35 \1470 3 35
HD 209458 . . . . . . 0.046 0.63h 36, 37 . . . 4.5, 3 ^ 1, 4.3 38, 11, 11
HD 210277i . . . . . . 1.12 1.29 29, 19 \40 12^ 2, 8.5 28, 21
Gl 876 . . . . . . . . . . . . 0.207 1.89 39, 40 \51 1È10 39

0.130 0.56 41 . . .
51 Peg . . . . . . . . . . . . 0.052 0.46 42 \1080 4^ 2.5, 7.0~0.9`1.1, 7.6~5.1`4 , 5.1~0.7`3 , 7, 5.5 ^ 0.5, 7.1 23, 3, 4, 5, 7, 11, 11
HD 217107j . . . . . . 0.072 1.29 35 \1670 8, 12 ^ 1.5, 5.6 35, 11, 11
HD 222582 . . . . . . 1.35 5.18 10 \150 11^ 1, 5.6 11

a See http ://exoplanets.org.
b Constraints on companion masses derived from Hipparcos data and radial velocity measurements (Zucker & Mazeh 2001).
c Sequence of references follows sequence of stellar ages presented in the previous column. When a single reference is presented all entries in the

previous column are from the same source.
d Companion has a probable mass of D1.7 (Hatzes et al. 2000).MJupe May have an additional companion (Fischer et al. 2001b).
f May have an additional companion at D5.5 AU and D3.2 (Butler et al. 1997 ; Fischer et al. 2001b).MJupg May have an additional companion (Vogt et al. 2000).

(Brown et al. 2001).h i\ 86¡.6^ 0¡.14
i No stellar companions at less than 10 AU and 17È250 AU (Marcy et al. 1999 and references therein).
j Companion has a probable mass upper limit of D11 (Fischer et al. 1999). May have an additional companion beyond a few AU and moreMJupmassive than D3 (Vogt et al. 2000 ; Fischer et al. 2001b).MJupREFERENCESÈ(1) Butler et al. 1997 ; (2) Fuhrmann et al. 1998 ; (3) Ng & Bertelli 1998 ; (4) Ford, Rasio, & Skills 1999 ; (5) Lachaume et al. 1999 ; (6)

Gonzales & Laws 2000 ; (7) Henry et al. 2000a ; (8) Butler et al. 1999 ; (9) Fischer et al. 2001b ; (10) Vogt et al. 2000 ; (11) Gonzales et al. 2001 ; (12) Butler
et al. 2000 ; (13) Marcy, Butler, & Vogt 2000a ; (14) Queloz et al. 2001 ; (15) Smith, Cunha, & Lazzaro 2001 ; (16) Hatzes et al. 2000 ; (17) Greaves et al.
1998 ; (18) Song et al. 2000 ; (19) Naef et al. 2001 ; (20) Gonzalez & Vanture 1998 ; (21) Gonzalez 1999 ; (22) Marcy & Butler 1996 ; (23) Fuhrmann, Pfei†er,
& Bernkopf 1997 ; (24) Gonzalez 1998 ; (25) Fischer et al. 2001a ; (26) Noyes et al. 1997 ; (27) Marcy, et al. 2000b ; (28) Gonzalez et al. 1999 ; (29) Marcy et
al. 1999 ; (30) Marcy et al. 2001b ; (31) Udry et al. 2001 ; (32) Cochran et al. 1997 ; (33) Butler et al. 1998 ; (34) Sivan et al. 2001 ; (35) Fischer et al. 1999 ; (36)
Charbonneau et al. 2000 ; (37) Henry et al. 2000b ; (38) Mazeh et al. 2000 ; (39) Marcy et al. 1998 ; (40) Delfosse et al. 1998 ; (41) Marcy et al. 2001a ; (42)
Mayor & Queloz 1995.

detected near HD 37124, HD 168443, HD 187123, and HD
190228 are shown in Figures 2È6.

The array coordinates and photometry of the point
sources near the target stars were measured with the IRAF
tasks imexamine and phot, respectively. Aperture photo-
metry was extracted with a radius of 3È6 pixels in the Keck
data, where fainter sources were measured with smaller
radii. Photometric calibration was derived from aperture
photometry with radii of 40 pixels of the unsaturated
images of the target stars. When available, the H-band mea-
surements from the Two Micron All-Sky Survey were
adopted. Otherwise, the H magnitudes were estimated by
combining the spectral types and visual magnitudes of the

targets. Most of the Keck images were obtained in photo-
metric conditions, and the calibrations implied by the
various targets agree within ^0.1 mag. Because the condi-
tions were not photometric during the Gemini obser-
vations, photometry is not measured from those data. After
measuring the aperture corrections between 40 and 3È6
pixels from the unsaturated Keck images of the targets, we
arrived at H-band magnitudes for the point sources, which
are given in Table 2. Because the fraction of the starÏs light
that falls within the PSF core can change signiÐcantly
between consecutive images, the absolute photometry has
large uncertainties of D^0.5 mag. Multiple observations of
the point source near HD 37124 suggest a smaller photo-
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TABLE 2

FAINT SOURCES DETECTED NEAR PLANETARY SYSTEMS

*aa *da H *Hb
Star (arcsec) (arcsec) (mag) (mag) Observation Date

HD 37124 . . . . . . . [3.076, [2.972 0.314, 0.702 14.9 8.9 2000 Sep 18, 2001 Jul 10
HD 168443 . . . . . . 2.802 [0.413 18.5 13.1 2000 Sep 17

3.516, 3.594 0.129, 0.207 16.4 11.0 2000 May 10, 2000 Sep 17
3.166, 3.243 0.318, 0.403 17.7 12.3 2000 May 10, 2000 Sep 17

2.691 1.585 18.8 13.4 2000 Sep 17
1.554 2.789 19.0 13.6 2000 Sep 17
0.402 2.677 17.6 12.2 2000 Sep 17

[0.364 2.949 18.6 13.2 2000 Sep 17
[3.215 2.380 19.0 13.6 2000 Sep 17
2.973 1.502 D20 D14.6 2000 Sep 17

HD 187123 . . . . . . 3.364, 3.361, 3.171 0.973, 0.994, 1.130 14.2 7.8 2000 Jun 27, 2000 Sep 16, 2001 Oct 17
3.142, 3.137 0.286, 0.310 18.3 11.9 2000 Jun 27, 2000 Sep 16

HD 190228 . . . . . . 0.999 [1.796 D19 D13.6 2000 Sep 18
[1.343 [1.644 D18.5 D13.1 2000 Sep 18
[1.664 [2.312 D19 D13.6 2000 Sep 18

a Positions in right ascension and declination are measured with respect to the star. For a given star, the uncertainties in the
positions of the faint sources relative to the star and relative to each other are and respectively. An exception is HD^0A.02 ^0A.004,
190228, where the uncertainty in the former value is ^0A.04.

b Magnitude di†erence of the primary star and faint source.

metric error of D^0.2 mag. Because the two sources near
HD 187123 were measured in the same image, their relative
photometry should have good precision (D^0.1 mag).
Similarly, the relative positions of multiple sources near a
star have small errors (^0.25 pixels). Meanwhile, the o†sets
of the faint sources from the central stars are more uncer-
tain because the latter were saturated or in the dead quad-
rant in the images where the former were detected. As
described in the previous section, extra images were
obtained for HD 37124, HD 187123, and HD 168443 so
that the faint sources and the primaries would both appear
in good quadrants of the array. The uncertainties in the
o†sets between saturated primaries and the surrounding
objects are ^1 pixel in each direction on the array. In the
Gemini data, both the candidate companions and the pri-
maries fell within the array as well. For the faint sources
near HD 190228, we have only the original long exposures
in which the primary fell in the dead quadrant. In these
data, we used the isophotes of the primaryÏs PSF that
extended into the good quadrants to estimate the position
of the primary and thus the o†set between the faint sources
and the primary. The uncertainties in those o†sets are ^2
pixels. By obtaining images of an artiÐcial light source
within the Keck AO system at several positions across the
array, we measured a plate scale of pixel~1 for0A.01744
KCam. A plate scale of pixel~1 in the H band has0A.01998
been measured for the QUIRC camera on Gemini by F.
Rigaut. These plate scales were combined with the position
angles of the instruments and the pixel o†sets to compute
the o†sets in right ascension and declination that are listed
in Table 2.

2.3. Measurement of Detection L imits
We now characterize the sensitivity to companions of the

Keck AO data. We began by measuring the H-band detec-
tion limits for point sources as a function of angular separa-
tion from the targets. To remove the large-scale shape of the
PSF of the target stars, each image was convolved with a
two-dimensional Gaussian function and divided into the
original image. In the quotient image, we measured the

standard deviation in 5 pixel square boxes at 1 pixel inter-
vals along a line radially outward from star, which was then
repeated for radial lines at several other angles around the
star that avoided ghost images of the primary. At the image
positions measured in this way, we inserted artiÐcial stars
that simulated the core of the PSF, which were given the
FWHM measured from the unsaturated image of the star
and a peak intensity that equaled a multiple of the standard
deviation measured at that point in the image. After visually
examining the artiÐcial stars at several values of this multi-
ple, we adopted 6 p as a reasonable representation of the
detection limit. The sources detected around HD 190228 in
Figure 6 are near this detection limit. In addition, eight
artiÐcial stars have been placed at the detection limit of
*H \ 10 at 1A in one of the images of 51 Peg in Figure 1.
Within the seeing disk, the presence of speckles complicates
the characterization of the detection limit. As discussed in
the previous section, real point sources can be identiÐed
down to the amplitude of the speckles. As a result, the
speckles e†ectively deÐne the detection limit for point
sources. Because the 6 p deviations measured from 5 pixel
boxes in the seeing disk were comparable to the speckles
intensities (i.e., the speckles are sparsely distributed relative
to this box size), we adopted the former measurement for
characterizing the detection limit both inside and outside of
the seeing disk. For a given star, the H-band detection limits
were measured for the various Ðlters, exposure times, and
position angles and the combined results were Ðtted by one
polynomial function. The di†erences of the H-band detec-
tion limits for point sources and the magnitudes of the
target stars (*H) are presented as a function of angular
separation in Figures 7È13. The ghost images that appear in
the long exposures result in a 2%È3% incompleteness in
areal coverage. Because the observations of o1 55 Cnc and
47 UMa were not optimized for dynamic range, the images
were less sensitive to companions at intermediate separa-
tions, as indicated by the data for these stars in Figure 9. In
addition, the detection limit at large separations for 47
UMa was worse than for the other stars because only short
exposures were obtained.
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FIG. 1.ÈKeck AO images of 51 Peg through the H-band Ðlter and the N3, N2, N1, and open Ðlters (upper left through lower right). The(2A.11] 2A.11)
displays of the Ðrst three images are scaled logarithmically from zero counts to the saturation level. In the image with the open Ðlter, eight artiÐcial stars have
been inserted at intervals of 45¡ surrounding the primary to illustrate the point-source detection limit of *H \ 10 at 1A. The display is scaled linearly across a
range that is optimized for viewing the artiÐcial stars. Each image is the average of six 2 s exposures.

As an illustration of the sensitivity to companions of
these data, in Figures 7È13 we have indicated the magni-
tudes of typical L and T dwarfs at the distances of the
targets. We considered all Ðeld dwarfs between spectral
types of M9 V and T that have trigonometric parallaxes as
compiled by Kirkpatrick et al. (2000). For these objects, we
Ðtted a polynomial function to spectral type versus forMHM9 VÈL8 V, where the data were from Kirkpatrick et al.
(2000) and references therein. The values of from thisMHfunction for L0 V, L5 V, and L8 V and the measurements of

for the T dwarfs Gl 229B and Gl 570D (Kirkpatrick etMHal. 2000 ; Leggett et al. 1999) are plotted along the detection
limits of separation versus *H in Figures 7È13.

The H-band detection limits for companions have been
transformed to units of mass and projected physical separa-
tion in the following manner. Conversions between spectral
types and e†ective temperatures are from Schmidt-Kaler
(1982) for ¹M0 V and from Leggett et al. (1996) as present-
ed by Luhman (1999) for M1 VÈM9 V. For L and T types,
we adopted a conversion in which L0 V, L8 V, and the T

dwarf Gl 229B correspond to e†ective temperatures of 2000,
1400, and 900 K (Leggett et al. 1999, 2001 ; Kirkpatrick et
al. 2000 ; Reid et al. 2001b ; Schweitzer et al. 2001). Bolo-
metric corrections are from Kenyon & Hartmann (1995) for
greater than M6 and from Bessell (1991), Monet et al.
(1992), Tinney, Mould, & Reid (1993), and Leggett et al.
(1996) for M6ÈM9. For L and T types, the H-band bolo-
metric corrections were computed from the J-band correc-
tions of Reid et al. (2001a) and the average J[H colors of
Kirkpatrick et al. (2000). By combining these conversions
with the H-band magnitudes and angular separations of the
detection limits, the distances of the targets, and theoretical
mass-luminosity relations for 1, 3, and 10 Gyr (º0.1 M

_
,

Bara†e at al. 1998 ; \0.1 Burrows et al. 1997), we haveM
_

,
expressed the detection limits for companions in terms of
mass and projected physical separation in Figures 7È13.
For comparison, we also plot the positions of the compan-
ions to these stars that have been discovered through radial
velocity measurements. A typical detection limit of those
studies is represented by a velocity modulation of 10 m s~1



FIG. 2.ÈKeck AO image toward HD 37124 through the(4A.36] 4A.36)
H-band Ðlter. A point source is detected in the lower left-hand quadrant of
the image (H \ 14.9). The proper motion of this source relative to HD
37124 is indicative of a background star. The image is the average of six
30 s exposures and is displayed with a linear scale. A ghost image from
HD 37124 appears in the upper left-hand quadrant.

FIG. 3.ÈKeck AO image toward HD 168443 through the(4A.36] 4A.36)
H-band Ðlter. Six point sources are detected in this image (H \ 16.4È19).
The ghost image from HD 168443 in the upper left-hand quadrant falls on
top of a seventh point source that is detected in other images of this star.
Proper motions relative to HD 168443 are available for only the two
brightest objects ; those measurements are indicative of background stars.
The image is the average of six 30 s exposures. The display is scaled linearly
across a range that is optimized for viewing the six point sources.

FIG. 4.ÈKeck AO image toward HD 168443 through the(4A.36 ] 4A.36)
H-band Ðlter. Three point sources are detected in the image (H \ 17.6È19).
The image is the average of six 30 s exposures. The display is scaled linearly
across a range that is optimized for viewing the three point sources, where
a separate scaling is used for the area surrounding the faintest object at the
far left. A ghost image from HD 168443 appears in the upper left-hand
quadrant.

FIG. 5.ÈKeck AO image toward HD 187123 Two point(4A.36 ] 4A.36).
sources are detected in the upper right-hand quadrant (H \ 14.2 and 18.3).
The proper motions of these sources relative to HD 187123 are indicative
of background stars. The image is the average of six 30 s exposures. The
display is scaled linearly across a range that is optimized for viewing the
two point sources. A ghost image from HD 187123 appears in the upper
left-hand quadrant.
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FIG. 6.ÈKeck AO image toward HD 190228 Three(4A.36] 4A.36).
point sources are detected in the image (H \ 18.5È19). The image is the
average of six 30 s exposures. The display is scaled linearly across a range
that is optimized for viewing the three point sources. A ghost image from
HD 190228 appears in the upper left-hand quadrant.

for 1 The actual detection limits for many of these starsM
_

.
are presented by Cumming, Marcy, & Butler (1999).

3. DISCUSSION

We have obtained Keck near-IR AO images of 25 of the
D60 known extrasolar planetary systems. From these data,
we have identiÐed faint sources near four of the targets and
have measured the detection limits for companions. Using
the Keck and Gemini AO systems, we have also obtained
AO images at an additional epoch of three of the four pri-
maries exhibiting nearby faint objects. We now discuss the
candidate companions individually, evaluate the achieved
detection limits, and examine implications of these new con-
straints on substellar companions. For reference during this
discussion, we list the 25 planetary systems in Table 1 along
with the latest values of separation and M sin i for their
radial velocity companions, upper limits to the masses of
these companions from Hipparcos astrometry (Zucker &
Mazeh 2001 ; see also Pourbaix & Arenou 2001), and recent
age estimates.

Faint point sources have been detected in the Keck AO
images of HD 37124, HD 168443, HD 187123, and HD
190228, which could be either companions or background
Ðeld stars. These four star are all located at low Galactic
latitude ( o b o\ 6¡), which suggests that most of the faint
sources are background Ðeld stars rather than companions.
For the star HD 168443 in particular, which is only 20¡
from the Galactic center and has the presence ofb \ 2¡.5,
nine nearby objects at comparable magnitudes (H D 17È19)
is suggestive of a background-star population. Because of
the high proper motions of the targets in our sample and
the high spatial resolution of AO imaging, multiepoch
observations spanning a year or less can easily distinguish
companions from background stars. Such data were

obtained for Ðve of the 15 candidate companions, as listed
in Table 2. All of these Ðve objects exhibit proper motions
relative to the primary stars that are consistent with those
expected of background stars. Between 2000 September 18
and 2001 October 7, the position of the object near HD
37124 changed by (*a, *d) which\ (0A.104, 0A.388) ^ 0A.03,
is close to the relative motion of (0A.0839 ^ 0A.0014, 0A.4418

expected for a stationary background star given^ 0A.0009)
the Hipparcos proper motion of HD 37124. The two objects
near HD 187123 were observed at two epochs by Keck. In
data obtained at a third epoch by Gemini, the fainter source
fell below the detection limit. The position of the brighter
object changed by relative to HD([0A.193, 0A.157) ^ 0A.03
187123 from 2000 June 27 to 2001 October 7, which is
consistent with the motion of ([0A.1831 ^ 0A.0007, 0A.1577

expected for a stationary background star. From^ 0A.0008)
2000 June 27 to September 17, the o†sets between the two
candidate companions to HD 187123 are expected to have
changed by in right ascension and declination if oneD0A.03
was a background star and the other was a companion.
Since the sources remained Ðxed relative to each other at a
level of the fainter source also must be a back-[0A.005,
ground star. Multiepoch data were obtained for two of the
sources near HD 168443. Between 2000 May 10 and Sep-
tember 17, the positions of two of the objects relative to
HD 168443 changed by and(0A.078, 0A.078)^ 0A.03 (0A.077,

These measurements are consistent with the0A.085) ^ 0A.03.
motion of background stars, which is expected to be (*a,
*d) given the proper motion of HD\ (0A.033, 0A.080)
168443. Because of the low Galactic latitude of HD 168443
and HD 190228 ( o b o\ 3¡), the remaining faint sources
detected near these two stars are probably background
stars as well.

Rather than simply the discovery of low-mass compan-
ions, the primary objective of this study has been to obtain
new, highly sensitive constraints on the presence of com-
panions near a sample of planetary systems. These con-
straints are summarized and quantiÐed by the point-source
detection limits in Figures 7È13. From the plots of separa-
tion versus *H, we see that AO on the Keck II telescope
produces high-contrast images in which point sources at
*H \ 10 can be detected at 1A from a bright star (see Fig. 1).
As a result, these data are sensitive to L and T dwarf com-
panions to the targets at separations from (L0) to 2A (Gl0A.5
570D). For comparison, the companion search toward Ðeld
stars by Oppenheimer et al. (2001) probed 3AÈ30A and dis-
covered the brown dwarf Gl 228B at a separation of In7A.8.
recent coronographic AO images of the planet-bearing star
Gl 86, Els et al. (2001) identiÐed a probable brown dwarf
companion at H \ 14.4, and *H \ 10. Gl 86 and o11A.72,
55 Cnc have similar distances and brightnesses, and our
detection limit for the latter indicates that the companion to
Gl 86 would have been detected in our program as well.
When these detection limits are transformed to units of
companion mass and physical separation, they can be com-
pared to the sensitivities of other methods of searching for
substellar companions. The most fruitful of these techniques
has been radial velocity monitoring, which currently
reaches companions at AU that induce modulations of[5

m s~1. As demonstrated in Figures 7È13, our AOZ10
survey nicely complements the radial velocity work by
probing for companions at wider separations, typically
stars at 3È10 AU and brown dwarfs at 10È100 AU. The
sensitivity to companions in direct imaging is improved
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FIG. 7.ÈL eft : The solid curves represent the 6 p detection limits for point sources in Keck AO images of t And, HD 10697, HD 12661, and HD 16141 as a
function of angular separation and after subtracting the H-band magnitude of each star. The short horizontal lines along the detection limits indicate the
magnitudes of typical L0, L5, and L8 Ðeld dwarfs and the T dwarfs Gl 229B and Gl 570D placed at the distances of these stars (Kirkpatrick et al. 2000). Right :
The measured detection limits from the left are plotted in terms of mass and projected physical separation assuming ages of 1 (solid line), 3 (dashed line), and
10 Gyr (dotted line) (Burrows et al. 1997 ; Bara†e et al. 1998). The solid points represent the values of M sin i and the semimajor axis of companions to these
stars as measured in radial velocity studies. Recent stellar age estimates and additional constraints on the companion masses are found in Table 1. A velocity
modulation of 10 m s~1 for a solar-mass central star is shown as the dot-dashed line.

with less massive and closer primary stars, which is illus-
trated by our data for the M dwarf Gl 876, where brown
dwarfs are detectable at 1È10 AU.

Several stars in our sample deserve further comment
given the new constraints on the presence of companions

from this study. As already noted, the AO detection limits
approach but do not reach the separations and masses of
the substellar objects that have been inferred from radial
velocity measurements to date. However, in a few cases, the
AO data do place upper limits on the masses of those
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FIG. 8.ÈSame as Fig. 7, but for HD 19994, v Eri, HD 37124, and HD 38529. Gl 570D would not be detected in the data for HD 38529.

unseen companions. On the dates of our observations,
radial velocity measurements predict minimum angular
separations of and for the two companions to 470A.04 0A.231
UMa and for the companion to 14 Her (G. Marcy0A.148
2001, private communication). While we cannot constrain
the mass of the inner companion to 47 UMa, our nonde-
tections correspond to a mass upper limit of for0.3 M

_each of the other two companions. The currently measured
orbit for the putative companion to v Eri is too uncertain to
reliably predict the minimum angular separation, but our

data do suggest that the companion is unlikely to be a star.
As the time baselines of the radial velocity studies become
longer, additional companions may be discovered at larger
separations (see Table 1), and these AO data could be useful
in constraining their masses as well. However, upper limits
from Hipparcos are often much lower. Finally, Gonzales et
al. (2001) found that HD 46375 and HD 37124 are overlu-
minous on the Hertzsprung-Russell diagram by 0.5 and 0.25
mag at V , respectively. They suggest that these stars may
have unresolved stellar companions that are beyond the
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FIG. 9.ÈSame as Fig. 7, but for HD 46375, HD 52265, o1 55 Cnc, and 47 UMa. In the data for 47 UMa, Gl 229B would fall at the detection limit at
separations beyond 2A and Gl 570D would not be detected.

maximum separations of 5 AU probed by radial velocity
measurements. However, at projected separations of greater
than ([3.3 AU for each star), we Ðnd no companions0A.1
that are sufficiently bright to account for the discrepancies
in the luminosities. Other constraints on the presence of
companions from the literature are noted in Table 1.

4. CONCLUSION

We have conducted a survey for companions to 25 of the

D60 known extrasolar planetary systems using near-IR AO
imaging at Keck Observatory. The Keck II AO system has
produced high-resolution images that approach the di†rac-
tion limit with a typical value of for the FWHM in the0A.04
H band. Using a variety of neutral density Ðlters, exposure
times, and position angles, we arrived at a set of images for
each target that provides optimum sensitivity for all separa-
tions from to0A.1 3A.3.

After searching the AO images for candidate compan-
ions, near HD 37124, HD 168443, HD 187123, and HD
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FIG. 10.ÈSame as Fig. 7, but for o CrB, 14 Her, HD 168443, and 16 Cyg B

190228, we have identiÐed 15 faint point sources (H \ 14È
20), all of which would be at or below the hydrogen-burning
mass limit if they were companions. Using AO imaging at
Keck and Gemini Observatories, we have obtained images
at a second epoch for Ðve of the brightest candidate com-
panions. These sources all exhibit proper motions relative
to the central stars that are consistent with those expected
of background stars. The remaining faint sources are prob-
ably background stars as well given the low Galactic lati-
tude of the four targets.

We have measured the point-source detection limits for
the AO images, which are presented in terms of both
angular separation versus *H and projected physical
separation versus companion mass. The sensitivities corre-
spond to *H \ 10 at 1A and L and T dwarfs at from0A.5È2A
the planet-bearing stars (H \ 2È6). These data reach com-
panion stars and brown dwarfs at 3È10 and 10È100 AU
from the planet-bearing stars in this study, providing an
essential complement to previous radial velocity measure-
ments of these systems ([0.3 \5 AU).MJup,
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FIG. 11.ÈSame as Fig. 7, but for HD 187123, HD 190228, HD 195019, and HD 209458. Gl 570D would not be detected in the data for HD 190228.
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FIG. 12.ÈSame as Fig. 7, but for HD 210277, Gl 876, 51 Peg, and HD 217107
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FIG. 13.ÈSame as Fig. 7, but for HD 222582
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