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ABSTRACT

Doppler measurements of two G-type main-sequence stars, HD 210277 and HD 168443, reveal
Keplerian variations that imply the presence of companions with masses (M sin i) of 1.28 and 5.04 M,
(where M, is the mass of Jupiter) and orbital periods of 437 and 58 days, respectively. The orbits have
large eccentricities of e = 0.45 and e = 0.54, respectively. All nine known extrasolar planet candidates
with a = 0.2-2.5 AU have orbital eccentricities greater than 0.1, higher than that of Jupiter (e = 0.05).
Eccentric orbits may result from gravitational perturbations imposed by other orbiting planets or stars,
by passing stars in the dense star-forming cluster, or by the protoplanetary disk. Based on published
studies and our near-IR adaptive optics images, HD 210277 appears to be a single star. However, HD
168443 exhibits a long-term velocity trend consistent with a close stellar companion, as yet undetected

directly.

Subject heading: planetary systems — stars: individual (HD 210277, HD 168443, HD 114762)

1. INTRODUCTION

Doppler surveys of main-sequence stars have revealed 15
companions to main-sequence stars that are extrasolar
planet candidates. Among these candidates, 13 have
M sin i < 5 M,, where M, is the mass of Jupiter. The host
stars and associated descriptions are 51 Peg (Mayor &
Queloz 1995), 47 UMa (Butler & Marcy 1996), 70 Vir
(Marcy & Butler 1996), 55 Cnc, v And, = Boo (Butler et al.
1997), 16 Cygni B (Cochran et al. 1997), p CrB (Noyes et al.
1997), GJ 876 (Marcy et al. 1998a; Delfosse et al. 1998), 14
Her (Mayor et al. 1999), HD 187123 (Butler et al. 1998), HD
195019A and HD 217107 (Fischer et al. 1999), GJ 86
(Queloz et al. 1999), and HD 114762 (Latham et al. 1989).
The Doppler measurements reported here suggest the pres-
ence of new planetary candidates around HD 210277 and
HD 168443.

Four main-sequence stars harbor Doppler companions
that have M sin i = 15-75 M,, which may represent the
“brown dwarfs” (Mayor et al. 1999; Mayor et al. 1997).
Indeed, the companions to 70 Vir (M sin i = 6.8 M,) and
to HD 114762 (M sini= 11 M,) may also represent
“brown dwarfs” (Marcy & Butler 1996; Mazeh, Krymol-
owsky, & Rosenfeld 1997; Latham et al. 1989; Boss 1997).
The distinction between “planets” and “brown dwarfs”
remains cloudy and rests on two formation scenarios.
Planets form out of the agglomeration of condensable
material in a disk into a rock-ice core (e.g., Lissauer 1995).
In contrast, brown dwarfs presumably form by a gravita-
tional instability in gas (e.g., Boss 1998; Burrows et al.
1998). Hybrid formation scenarios remain viable in which
the relative importance of solid core growth and gas accre-
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tion within a disk lead to a continuum in internal structure.
Subsequent collisions may lead to further growth and
dynamical evolution. The current dichotomous taxonomy
may describe substellar physics no more precisely than
“spiral ” and “elliptical ” summarize galactic physics.

The first incontrovertible subclassification within the
substellar regime is revealed in the mass distribution. Com-
panions having M sin i in the decade between 0.5 and 5 M,
outnumber those between 5 and 50 M, by a factor of ~3
(e.g., Marcy & Butler 1998; Mayor et al. 1999). The poor
detectability of the lowest mass companions implies that the
factor of 3 is a lower limit to the cosmic ratio. This plenitude
of companions having Jovian masses suggests that qualit-
atively distinct formation processes predominated, arguably
similar to those associated with the giant planets in our
solar system (Lin et al. 1998).

The extrasolar planets reveal some peculiarities that may
bear on their formation. The host stars of the extrasolar
planet candidates have higher mean metallicity by a factor
of ~2 in abundance compared with field stars (Gonzalez
1998). Metallicity was not a criterion in the selection of the
target stars for these planet searches. Equally interesting is
the fact that seven planets reside in orbits with a radius less
than 0.12 AU (sometimes termed 51 Peg planets; Mayor &
Queloz 1995, Butler et al. 1998). Precision Doppler surveys
are most sensitive to planets in small orbits, resulting in a
selection effect. Nonetheless, these small orbits challenge us
to explain their existence in a region where both the high
temperatures and the small amount of protostellar material
would inhibit formation in situ. The 51 Peg planets thus
offer support for the prediction by Goldreich & Tremaine
(1980) and Lin (1986) that Jupiters may migrate inward
from farther out (Lin et al. 1996; Ward 1997; Trilling et al.
1998). Perhaps most intriguing about the planet candidates
are the orbital eccentricities. The orbits of the 51 Peg
planets may suffer some tidal circularization (Lin et al.
1998; Terquem et al. 1998; Ford, Rasio, & Sills 1998;
Marcy et al. 1997), and indeed their orbits are all nearly
circular (see Table 4). In contrast, the planets that orbit
farther than 0.15 AU from their star all reside in noncircular
orbits having e > 0.1, i.e., more eccentric than for Jupiter
(e = 0.05). Indeed, all but two have e > 0.2. This high
occurrence of orbital eccentricity has led to a variety of
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models in which Jupiter-like planets suffer gravitational
interactions with (a) other planets (Weidenschilling &
Marzari 1996; Rasio & Ford 1996; Lin & Ida 1997;
Levison, Lissauer, & Duncan 1998), (b) the disk
(Artymowicz 1993), (c) a companion star (Holman, Touma,
& Tremaine 1997; Mazeh et al. 1997), and (d) passing stars
in the young cluster (de la Fuente Marcos & de la Fuente
Marcos 1997; Laughlin & Adams 1998).

The possibility persists that the observed noncircular
orbits all stem from perturbations from a bound companion
star, as proposed for 16 Cyg B (Holman et al. 1997; Mazeh
et al. 1997), rather than from intrinsic dynamics of planet
formation. This paper reports the detection of two new
planetary candidates orbiting at 0.3 and 1.1 AU, both
having large eccentricities. The observations and orbital
solutions are reported in § 2. The search for stellar compan-
ions is discussed in § 3. Section 4 contains a discussion of the
implications for planet formation.

2. OBSERVATIONS AND ORBITAL SOLUTIONS

2.1. Stellar Characteristics of HD 210277

The two stars described here are among 430 G-, K-, and
M-type main-sequence stars currently being monitored at
the Keck I telescope for Doppler variations. HD 210277 has
an effective temperature of 5570 + 50 K, the average deter-
mination from spectral synthesis of high-resolution spectra
(Favata, Miccia, & Sciortino 1997; Fuhrmann 1998; Gon-
zalez, Wallerstein, & Saar 1998), which also yields a surface
gravity of log g = 4.38 + 0.1 (Fuhrmann 1998 ; Gonzalez et
al. 1998). These surface values imply main-sequence status
and correspond to spectral type G7 V (Gray 1992).

The metallicity of HD 210277 is measured to be [Fe/
H] = +0.24 £+ 0.02, considerably higher than the average
value for field stars, ([Fe/H]) = —0.23, in the solar neigh-
borhood (Gonzalez et al. 1998; Favata et al. 1997; Fuhr-
mann 1998). Thus, HD 210277 appears to be rich by a
factor of 3 in its abundance of heavy elements, normalized
to hydrogen, placing its metallicity within the upper 5% of
nearby stars. We measure a radial velocity of —21.1 +2
km s~!, which agrees with that of Duquennoy & Mayor
(1991), —21.44 km s~ . Its parallax of 07047 (Perryman et
al. 1997) implies an absolute visual magnitude of M, = 4.90
+ 0.05 and a luminosity, L = 0.93 L. These stellar param-
eters permit placement of HD 210277 on evolutionary
tracks, which yield a mass M = 092 + 0.02 M and an age
of 12 + 2 Gyr (Gonzalez et al. 1998).

One stellar characteristic that bears on the Doppler
detectability of planets is the magnetic field and chromo-
sphere. Spots on a rotating star can produce spurious
Doppler shifts, and chromospheric emission correlates with
spurious Doppler “noise” presumably caused by surface
magnetohydrodynamics (Saar, Butler, & Marcy 1998). Our
spectra contain the chromospheric H and K emission lines
from which stellar rotation and stellar age can be estimated
(Noyes et al. 1984). This emission yields the chromospheric
index known as the “Mount Wilson S-Value” of S = 0.155,
implying R'(HK) = —5.06, measured from 36 spectra
obtained from 1996.5 through 1998.7 (Shirts & Marcy
1998). See Baliunas et al. (1998) for a detailed discussion of
the S-value. No trend or periodicity is apparent in the S-
values of HD 210277, and the rms is 0.006, all of which
indicates that HD 210277 is chromospherically quiet. The
implied rotation period is P,,, = 40.8 days, and the age is
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6.9 Gyr. In conjunction with the aforementioned age of 12
Gyr from tracks, we conclude that HD 210277 has an age in
the range 7-10 Gyr, but not evolved into the subgiant
regime. Such a chromospherically inactive star may
produce spurious Doppler shifts of no more than ~3ms™?
(Saar et al. 1998; Butler et al. 1998).

2.2. Stellar Characteristics of HD 168443

No detailed LTE analysis of HD 168443 has been carried
out to our knowledge. A photometric analysis was done by
Carney et al. (1994) giving T s = 5430 and m/H = —0.14.
The metallicity is apparently slightly subsolar, similar to the
mean for nearby field stars. Its parallax of 26.4 mas
(Perryman et al. 1997) implies an absolute visual magnitude
of M, =4.03 + 0.07 and a luminosity L = 2.1 Ly, which
places it ~1.5 mag above the main sequence at its T ..
These stellar parameters suggest a subgiant status and spec-
tral type G8 IV. Apparently HD 168443 is similar to 70 Vir
in mass, surface characteristics, and metallicity (Marcy &
Butler 1996; K. Apps 1998, private communication).

Our spectra of HD 168443 yield a chromospheric S-value
of S =0.147, with an rms of 0.009 during 30 observations
from 1996 to 1998.5, implying R'(HK) = —5.08. No trend
or periodicity are apparent in the S values. The implied
rotation period is P,,, = 37 days, and the implied age is 7.8
Gyr, from the calibration by Noyes et al. (1984). In conjunc-
tion with its possible subgiant status from above, we con-
clude that HD 168443 has an age of 7-10 Gyr, slightly
evolved toward subgiant status. We caution that the sub-
giant status remains in question, pending spectroscopic
assessment of surface gravity.

A mass determination for HD 168443 is given by Carney
et al. (1994), who find M = 0.84 M. This mass determi-
nation may warrant revision because it preceded the Hip-
parcos parallax and because it did not include revisions to
the metallicity dependence of evolutionary tracks (Bertelli
et al. 1994). Based on the Hipparcos data and new tracks,
along with available narrowband photometry for HD
168443, K. Apps (1998, private communication) estimates a
mass of 1.05 + 0.10 M, for HD 168443. We adopt here the
straight average of the two mass estimates to yield M =
0.945 + 0.1 M.

We measure a radial velocity of —49.0 +2 km s™* (on
1998 August 26), which, along with its high transverse
velocity of 44 km s~ !, suggests a kinematic association with
the old disk population. Such an old, chromospherically
inactive star may produce spurious Doppler shifts of ~3 m
s~ ! of photospheric origin (Saar et al. 1998; Butler et al.
1998).

-1

2.3. Details of the Doppler Measurements

For both HD 210277 and HD 168443, spectra were
obtained from 1996.5 through 1998.7 with the HIRES
echelle spectrometer on the Keck I telescope (Vogt et al.
1994). We used slit B1, which has a width of 0757 and
a height of 3”5. The resolution for these spectra was
R = 87,000, based on the measured FWHM of the spectro-
meter instrumental profile. The spectra span wavelengths
from 3900 to 6200 A. The wavelength scale and instrumen-
tal profile were determined for each 2 A chunk of spectrum
for each exposure by using iodine absorption lines superim-
posed on the stellar spectrum (Butler et al. 1996). The mea-
sured velocities are relative, with an arbitrary zero point.

The typical exposure times were ~ 5 minutes, depending
on seeing, for both stars, yielding a signal-to-noise ratio of
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300 pixel! (one-half of one resolution element). Such
spectra are expected to carry photon-limited Doppler preci-
sion of 2-3 m s~ ! (Butler et al. 1996). Indeed, the uncer-
tainty in the mean velocity of the 400 spectral chunks is
typically 2.5 m s~ . However, our results from 430 stars on
the survey reveal a median rms velocity of 6 m s~ *, which
we interpret as the actual scatter that limits planet detec-
tion. Intrinsic photospheric noise of ~3 m s~ ! accounts for
some of the 6 m s~ ! scatter (Saar et al. 1998). This intrinsic
stellar effect may be added in quadrature to the photon-
limited errors of 2.5 m s ! to establish an expected Doppler
scatter of 3.9 m s~ 1. Thus, we infer that unidentified errors
of ~4 m s~ ! persist in our Doppler results, which presum-
ably stem from inadequacies in our spectral modeling,
improvements to which are in progress.

2.4. Keplerian Velocities for HD 210277

The 34 measured velocities of HD 210277 are listed in
Table 1 along with the Julian Date. Again, the true uncer-
tainty of each measurement is ~6 m s~ 1. A plot of the
velocities for HD 210277 is shown in Figure 1. It is apparent
that the velocities for HD 210277 scatter with a peak-to-

TABLE 1
VELOCITIES FOR HD 210277

JD Radial Velocity JD Radial Velocity
— 2,450,000 ms™) — 2,450,000 (ms™Y
277.0404...... 15.8 983.0511...... —84
366.7926...... 22.7 984.0878...... 0.0
418.7591...... 26.2 1010.0261...... —40.2
462.7062...... 533 1011.1015...... —36.4
605.0940...... —233 1011.9692...... —39.2
665.9876...... —11.5 1013.0816...... —39.0
688.9457...... 09 1014.0859...... —39.6
689.9833...... 0.6 1043.0057...... —354
713.8792...... 6.1 1043.9942...... —320
7149728...... 123 1050.9159...... —24.7
715.9286...... 16.6 1051.9839...... —35.0
783.7130...... 24.6 1068.8670...... —14.0
784.7205...... 46.4 1069.9748....... —18.0
785.6995...... 38.3 1070.9566...... —20.2
805.7146...... 14.2 1071.8706...... —16.6
806.7038........ 30.6 1072.9307...... —17.2
956.0877...... 25.3 1074.8716...... —38
80 [ Mass = 1.28 M, /sini 37. day ]

60 F .

Qg :

£ 40F

. 20F

2 r

o [

= —20F

—40F

L RMS = 7.13 m/s

—60 by 1

1996.5 1997.0 1997.5 1998.0 1998.5 1999.0
Time (Years)

Fi1G. 1.—Measured radial velocities for HD 210277. The solid line
shows the best-fit Keplerian curve.
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peak variation of ~80 m s~ !, and the velocities are corre-
lated in time. A periodogram analysis revealed no signifi-
cant peak because too few cycles have transpired during the
2 years of observations and because a Lomb-Scargle perio-
dogram is not robust for nonsinusoidal variations that
result from eccentric orbits.

A suggestive period of 1.2 yr is evident in the velocities for
HD 210277, although less than two periods have transpired.
The best-fit Keplerian model yields an orbital period of
437 + 25 days, a semiamplitude K = 41.0 + 5 m s, and
an eccentricity e = 0.45 4+ 0.08. The complete set of orbital
parameters is given in Table 3. The rms to the Keplerian fit
is 7.1 m s~ 1, similar to the uncertainty and similar to the
velocity rms, 7.6 m s~ !, for the orbital fit to a previously
discovered Keck survey planet HD 187123 (Butler et al.
1998). Thus, the rms of 7 m s~ ! for HD 210277 implies that
a single companion provides a model that plausibly
explains the velocities.

Using the stellar mass of 0.92 M, the companion mass is
constrained as M sin i = 1.28 M}, and the semimajor axis is
a=1.10 AU. With periastron and apastron distances of
0.61 and 1.60 AU, HD 210277 is unlikely to harbor addi-
tional companions within that range.

2.5. Keplerian Velocities for HD 168443

The 30 velocity measurements for HD 168443 are listed
in Table 2 along with the Julian Date. As with HD 210277,
the true uncertainty of each measurement is ~6 m s~ 1. A
plot of the velocities for HD 168443 is shown in Figure 2.
The velocities for HD 168443 scatter with a peak-to-peak
variation of 650 m s~ !, with clear temporal correlations and
trends among measurements. A periodogram reveals two
dominant peaks, at P = 20 days and P ~ 55 days.

We carried out nonlinear least-squares fits of Keplerian
models to the velocities, starting with trial periods ranging
from 3 to 600 days. For trial periods near 20 days, the
lowest velocity rms was 69 m s~ !, which is clearly inconsis-
tent with the expected scatter of 6 m s~ 1. For trial periods
near 55 days, we found two nearby minima in x2, corre-
sponding to two slightly different orbital periods, P = 64
days (rms = 23 m s~ 1) and P = 59 days (rms = 36 m s~ 1).
Figure 3 shows the velocities as a function of orbital phase
for the better of those fits (P = 64 days). That Keplerian fit

TABLE 2
VELOCITIES FOR HD 168443

JD Radial Velocity JD Radial Velocity
—2,450,000 (ms™h —2,450,000 (ms™h
276.9089...... —305.1 1010.8508...... 214
603.0118...... —50.7 1011.8608...... 229
665.8678...... —827 1012.9541...... 13.6
713.7377...... —884 1013.0670...... 224
714.7665...... —89.8 1013.8279...... 7.8
955.0104...... —224 1013.9298...... 6.3
955.9586...... —16.3 1042.9556...... —344.1
957.0711...... =175 1043.9560...... —287.2
981.8801...... —578.4 1050.8141...... —-929
982.8913...... —505.7 1068.7704...... 39.1
983.0769...... —483.6 1069.7860...... 47.5
983.8223...... —412.4 1070.7981...... 40.2
984.0614...... —406.0 1071.7700...... 379
1009.8701...... 8.1 1072.7627...... 333
1010.0599...... 28.0 1074.7851...... 41.8
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F1G. 2.—Measured radial velocities for HD 168443. The points exhibit
obvious correlations in time, with a hint of periodicity.

carries an implied eccentricity of e = 0.69, K =292 m s~ 1,

and a companion minimum mass of M sin i = 4.0 M.

However, the scatter to that fit, rms = 23.3 m s~ ?, clearly
exceeds the expected scatter of 6 m s~ !, implying that this fit
carries a reduced x> greater than 4 and hence this model is
inadequate. Indeed, two telltale points located at phase
~0.95 (see Figure 3) were obtained on consecutive nights.
The second velocity was 58 m s~ higher, and yet according
to the Keplerian curve it should reside lower by 60 m s~ 1.
We consider this dubious orbital fit to imply that the
Keplerian model fails in some important way.

We modified the model by simply adding a variable
linear trend to Keplerian velocities. Such a model incorpor-
ates the possibility of a long-period companion in addition
to the shorter period companion. This slope introduces only
one additional free parameter, as the “ y-intercept” of the
slope is subsumed within the arbitrary zero point of the
velocities.

The Keplerian-plus-slope model is shown in Figure 4 and
yields a best-fit orbital period of, P = 57.8 days, K = 350 m
s!, e=054, and M sini= 504 M, . The rms of the
residuals, 12.8 m s~ !, is considerably reduced from the rms
of 23.3 m s~ ! that results from a model without a trend. The
reduced y? for this solution is 2.3. All orbital parameters are

T T T
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F16. 3.—Velocities of HD 168443, plotted as a function of orbital phase
for the best-fit Keplerian model (without an ad hoc velocity trend). This
orbit has rms residuals of 23.3 m s~ !, exceeding the expected scatter by a
factor of 4. This model appears inadequate to explain the velocities.
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Fi1G. 4—Velocities of HD 168443 plotted against time. The solid line
shows the best-fit Keplerian model with an added linear trend in velocity.
This ad hoc model yields residuals with rms = 13 m s~ !, which is about
twice the expected scatter but a clear improvement over the model without
atrend in Fig. 3.

given in Table 3. Thus, it appears that the introduction of
an ad hoc slope into the Keplerian model for HD 168443
significantly improves the fit. However, the rms of 12.8 m
s~ ! remains larger than the expected scatter of 6 m s ¢,
implying that the addition of a velocity slope is too simple.
Introducing an ad hoc parabolic term in the velocity trend
reduces the rms to 8 m s~ ! (3% = 1.5), superior to that of a
linear trend. However, we feel that introducing this parabol-
ic free parameter carries only marginal statistical justifica-
tion. A proper model that contained a second orbiting
companion would require the introduction of an additional
set of Keplerian parameters, for which we have inadequate
constraints. Thus, the only model supported by the current
data is that containing the linear trend.

We tested the predictability of this model with two addi-
tional velocity measurements obtained with the 0.6 m coudé
auxiliary telescope (CAT) at Lick Observatory. We
obtained spectra on two consecutive nights, centered on JD
2,451,100.644 and JD 2,451,101.645, for which the model
containing the Keplerian and linear trend offered a predic-
tion of an increase in velocity of 52.4 m s~ !. On both nights
we obtained four consecutive spectra, each lasting 30
minutes. Each spectrum was analyzed separately to derive a
Doppler shift. The four velocities were averaged, to yield the
final velocity for each night. The uncertainty in the mean
was computed from the standard deviation of the four
separate measurements, giving an internal error for each
night.

TABLE 3
ORBITAL PARAMETERS OF HD 21 0277 AND HD 168443

Parameter HD 210277 HD 168443*
P (days)........... 437 (25) 579 (1)
T,(dD)............ 2,450,993 (20) 2,450,979.35 (2)
€t 0.45 (0.08) 0.55 (0.04)
o (deg)............. 124 (20) 170 (5)
K,(ms™ ... 41.5 (5) 330 (23)
a, sini(AU) ...... 149 x 1073 1.56 x 1073
fim) (Mg)......... 229 x 107° 151 x 1077
M, sini (M))...... 1.28 (0.4) 5.04 (0.4)
N, 34 30

2 Additional velocity slopeis 89 + 9ms~tyr1.
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These two Lick velocities were —24.2 + 6.2 m s~ ! and
+24.1 + 3 m s~ ! on the two nights, respectively, implying
that the velocity of HD 168443 increased by +48.3 + 7m
s~ 1. This velocity increase agrees with the prediction of the
model (Keplerian plus trend) of +52.4 m s~ '. These Lick
velocities were obtained 26 days after the last Keck mea-
surements were made, on JD 2,451,1074.785, shown in
Figure 4. The alternative model without an imposed veloc-
ity trend has a longer period of P = 64.3 days, and its pre-
dicted change in velocity is —60 m s~ !, clearly in conflict
(wrong sign) with the observed rise of 48 m s 1. Thus, both
the lower velocity rms and the Lick measurements favor the
model that contains a Keplerian with P = 57.8 days and a
velocity trend.

The best-fit velocity trend has a slope of 89.4m s~ yr—1,
which could be caused by a second more distant compan-
ion. If so, its minimum orbital period is ~4 yr. As a bench-
mark, Jupiter causes a trend of ~4 m s™! yr~! in the Sun
during 6 yr. Thus, if the period of the hypothetical second
companion to HD 168443 were ~ 12 yr, its mass would be
at least ~25 M,. For the shortest possible period of 4 yr, the
companion mass would be at least 15 M;. In both cases, the
companion would be considered a “brown dwarf” and
quite possibly a hydrogen-burning star, depending on the
actual period and sin i. Prospective stellar companions are
discussed in § 3.2

2.6. Velocities for HD 114762

We have obtained 33 velocity measurements for HD
114762 since 1994 November. They are plotted against
orbital phase in Figure 5. The unseen companion to this
star has been described by Latham et al. (1989), Mazeh,
Latham, & Stefanik (1996), Cochran, Hatzes, & Hancock
(1991), and Hale (1995). Our velocities offer new measure-
ments of the orbital parameters, P = 8§4.03 + 0.1 days,
e=0334+002, K=618+6ms !, w=201°+ 3°, and
T, = JD 2,450,225.30 + 0.6. A revised mass for HD 114762
has been measured by Ng & Bertelli (1998) and Gonzalez
(1998), giving M = 0.82 + 0.03 M, based on its Hipparcos
distance (d = 40.57 pc; Perryman et al. 1997) and new
stellar evolution models. This stellar mass and the orbital
parameters imply that the companion has M sin i = 11.02
+ 0.5 M,.

If the companion mass is truly small compared to the
primary star, then the semimajor axis is a = 0.35 AU.
However, Cochran et al. (1991) and Hale (1995) provide

[ Mass = 11.02 M, /sini P = 8410 day
L ‘ K=61Bm/s |
1000} | e:o,qams
w 3 I 1
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— 500 | }
> i | |
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F1G. 5.—Phased radial velocities of HD 114762 from Lick Observatory
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arguments that the companion mass may be large, possibly
stellar. Since that work, several additional considerations
have emerged regarding its status as a candidate planet. HD
114762 is the only planet candidate found with modest
velocity precision rather than with high precision of ~10 m
s~!. That precision, along with the large survey size
(Latham et al. 1989), makes the discovery of a face-on
system more likely. Further, HD 114762 has [Fe/
H] = —0.6, substantially more metal-poor than any other
planet candidate (Gonzalez 1998). The standard model of
planet formation requires heavy elements to form the dust
which was presumably not abundant in the protoplanetary
disk around HD 114762. Finally, the value of M sin i (11.02
M) is much higher than that for all other planet candidates,
the highest of which is M sin i = 7.4 M, (70 Vir). Nonethe-
less, we include HD 114762 as a candidate planetary object
in this complete compilation.

3. SEARCH FOR STELLAR COMPANIONS

3.1. HD 210277

We examined HD 210277 for companion stars as follows.
Duquennoy & Mayor (1991) made eight radial velocity
measurements spanning 6 yr, which exhibited no variation
above 220 m s !. Ground-based astrometry from 1989
t01993 revealed no motion at a level of 0701 (Heintz 1994).
Lunar occultation measurements revealed no companion to
HD 210277, with detection thresholds of AV, < 2 within
3 mas (Meyer et al. 1995) . The above measurements, espe-
cially those of Duquennoy & Mayor (1991), jointly rule out
stellar companions with masses as low as 0.1 M, within 10
AU. A 0.1 M, dwarf orbiting 10 AU from HD 210277
would induce velocity variations with semiamplitude of 700
m s~ ! (x sin i) and a period of 30 yr, detectable as a trend
in velocities of Duquennoy & Mayor (1991) but not
observed. The astrometry of Heintz similarly rules out a
stellar companion with mass down to the substellar limit
within 5 AU, which would have induced astrometric
wobbles of 0702.

To search for possible stellar companions beyond 10 AU,
we observed HD 210277 on 1998 September 8 UT using the
Lawrence Livermore National Laboratory adaptive optics
system (Max et al. 1997), which is mounted at the f/17 Cass-
egrain focus of the Lick Observatory Shane 3 m telescope.
The adaptive optics system performs real-time com-
pensation of atmospheric seeing using a Shack-Hartmann
type wave-front sensor with a 127 actuator deformable
mirror. In its current configuration, 61 of the actuators are
actively controlled. For these observations, image com-
pensation was done with a sampling frequency of 250 Hz
using HD 210277 (V = 6.54) itself as a wave-front reference,
achieving a closed-loop bandwidth of 20 Hz.

We acquired images using the Lick facility near-IR
camera LIRC2 (Gilmore, Rank, & Temi 1994). The camera
has a 256 x 256 pixel HgCdTe NICMOS3 detector and,
when coupled with the adaptive optics system, a plate scale
of 0712 pixel ~1. We used both a narrowband (A1/4 = 0.01)
filter centered on Bry (2.166 um) and the broadband K’ filter
(1.95-2.35 um; Wainscoat & Cowie 1992) to span a wide
range in radii with good sensitivity and dynamic range. The
star was dithered to four positions on the detector, with
total integrations of 240 s in each filter. Images were
reduced in a standard fashion for near-IR images—bias
subtraction, flat-fielding, and sky subtraction using a
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master sky frame constructed from all the images. The
angular resolution as measured by the full width at half-
maximum (FWHM) of the Bry images is 0718, and the
images have a mean Strehl ratio of 0.45. The Bry data are
most sensitive to companions inside of 075, and the K'-
images are more sensitive at larger radii.

Figure 6 presents our 4 ¢ upper limits to any stellar com-
panions to HD 210277 combined with K-band flux ratios
for main-sequence companions derived from Kirkpatrick &
McCarthy (1994). Only the inner radii are shown for clarity;
the deepest portion of our images cover 12” in radius. Our
adaptive optics data are nearly diffraction-limited, ruling
out any main-sequence dwarf companions earlier than spec-
tral type MO from 0.2 to 12" (4.2-250 AU) . In addition, the
high Strehl ratio means the images are very sharply peaked
and sensitive to even the lowest mass M dwarfs outside of
075 (11 AU). We rule out any main-sequence companion
with a separation of 078 (17 AU) to 12" (250 AU).

We further rule out any stellar companions out to ~1’
separations using 2’5 FWHM J and K’ images obtained
from the Lick 3 m telescope with the UCLA two-channel
infrared camera known as Gemini (McLean et al. 1994). The
J and K’ data were taken simultaneously on 1998 October 9
UT with two 256 x 256 pixel detectors, a Rockwell
HgCdTe NICMOS3 detector for J and a Hughes SBRC
InSb detector for K'. There are a handful of K ~ 14-17
unresolved sources in these images; the majority of these
also appear on the Palomar Sky Survey. Their J— K colors
are consistent with background stars or galaxies, and their
numbers are in accord with field K-band galaxy counts
(Szokoly et al. 1998). Comparing our images with those on
the Palomar Sky Survey, the only source that shows notice-
able proper motion is HD 210277 itself, which exhibits a
magnitude and direction consistent with its nominal proper
motion.

3.2. HD 168443

We have searched for stellar companions to HD 168443
in several ways. A literature search turned up no known
companions. We searched for superimposed spectral lines
from a secondary star in the 8400 A region of our Lick
spectra (near the Ca 1 IR triplet). No such lines were found
at a threshold of a few percent of the continuum. This non-
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F16. 6.—Detectability of stellar companions near HD 210277, based on
K-band (2.2 um) adaptive optics images. All main-sequence companions
between 17 and 250 AU (078-12") would have been detected, but none was
found. The data rule out an MO V dwarf as close as 072 (4.2 AU).
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detection rules out any main-sequence companions more
massive than 0.5 M, within 2”5 (95 AU) of HD 168443, as
we use a slit width of 5” with the Lick Observatory CAT.

Carney et al. (1994) obtained eight radial velocity mea-
surements of HD 168443 spanning 5 yr and detected no
variation above the errors of 400 m s~ !. Any stellar com-
panion more massive than 0.1 M, orbiting within 5 AU
would have been revealed, except for extreme values of sin i.
The Hipparcos astrometry of HD 168443 recorded no
astrometric motion at a level of 2 mas during several years
(Perryman et al. 1997). A stellar companion having 0.1 M o
at 5 AU would induce a (curved) astrometric reflex motion
of 16 mas during ~ 3 yr (3 orbital period), as viewed from a
distance of 38 pc. Such a wobble evidently did not occur,
thus ruling out stellar companions within 5 AU, consistent
with the velocity data. Hipparcos would not easily detect
stellar companions orbiting beyond 5 AU, as the (more
linear) reflex motion could be absorbed into the assessment
of proper motion. Thus, stellar companions orbiting
beyond 5 AU might escape detection by both the Carney et
al. velocities and the Hipparcos astrometry.

We have not obtained an adaptive optics image of the
star, leaving us little information about stellar companions
farther than 5 AU. However, we were compelled to include
a velocity slope of 8 m s~ ! yr~! in the model of our
velocities (Fig. 4). This slope could indicate a stellar com-
panion beyond 5 AU, or a brown dwarf somewhat closer.
As a benchmark, a 0.1 M5 companion orbiting at 10 AU
would induce a typical velocity slope of 100 m s~ yr~!
(x sin i). Our Keck velocities are consistent with such a
stellar companion as well as more distant and correspond-
ingly more massive ones. The upper mass limit of 0.5 M,
imposed by the lack of secondary lines, implies that the
companion must reside within ~30 AU in order to induce
the observed velocity slope of 89 ms ™! yr~1,

A consistency check on the putative companion is pro-
vided by comparing the absolute velocities obtained by
Carney et al. (1994) to those found here. Carney et al.
obtained eight velocity measurements centered at epoch
~1990 that exhibited an average of —48.9 km s~ !, with
o = 0.4 km s~ 1. Our observation on 1998 August 25 gave a
velocity of —49.0 +2 km s~ ! , which agrees with the
Carney measurement within the 2 km s~ ! uncertainty. This
implies an upper limit to the velocity trend of 2 km s~ ! per
8 year period, which is indeed larger than the trend we
actually detect of 89 ms~ ! yr—1.

In summary, any stellar companion must reside beyond 5
AU but not beyond 30 AU to explain the observed velocity
trend, and its mass must be less than 0.5 M, to explain the
lack of stellar secondary lines. A direct search for a stellar
companion located 0715-1" from HD 168443 seems war-
ranted.

4. DISCUSSION

The two extrasolar planet candidates suggested by the
data in this paper bring the total number of such candidates
to 17. These candidates all have M sin i <5 M, except 70
Vir (M sin i = 7.4 M,) and HD 114762 (M sin i = 11 M))
which some would place in the “ brown dwarf” class (Black
1998). Table 4 lists the basic orbital parameters and M sin i
of all 17 known planetary candidates. A few of the orbital
parameters have been slightly modified, based on our own
recent measurements and orbital fits. The typical uncer-
tainty in the orbital eccentricity is 0.03, based on Monte
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TABLE 4
ORBITAL PARAMETERS OF PLANET CANDIDATES
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Mg,. a P M sin i

Star (My) (AU) (days) e (M)
HD 187123...... 1.00 0.042 3.097 0.03 0.57
TBo0 ....c.ne 1.20 0.047 3.3126 0.00 3.66
51 Peg........... 0.98 0.051 4.2308 0.01 0.44
vVAnd............ 1.10 0.054 4.62 0.15 0.61
HD 217107...... 0.96 0.072 7.11 0.14 1.28
55Cnc........... 0.90 0.110 14.656 0.04 0.85
GI86............ 0.79 0.114 15.84 0.04 4.90
HD 195019...... 0.98 0.136 18.3 0.05 343
GJ 876........... 0.32 0.210 60.9 0.27 2.10
pCrB............ 1.00 0.230 39.6 0.11 1.10
HD 168443...... 0.84 0.277 579 0.54 5.04
HD 114762...... 0.82 0.351 84.0 0.334 11.02
TOVir............ 1.10 0.480 116.7 0.40 7.42
HD 210277...... 0.92 1.097 437. 045 1.28
16 CygB ........ 1.00 1.61 803 0.69 1.67
47UMa ......... 1.03 2.09 1086 0.11 245
14 Her ........... 0.85 >2.50 >2000 0.36 335

Carlo simulations of the Keplerian fits to data with artificial
noise

Table 4 shows that all nine planet candidates that have
a > 0.2 AU have eccentricities above 0.1, larger than that
for both Jupiter (e = 0.048) and Saturn (e = 0.055). Figure
7 shows a plot of orbital eccentricities as a function of the
semimajor axis. All extrasolar planets orbiting closer than
0.1 AU have small eccentricities. While possibly primordial,
these near-circular orbits for close planets may have been
induced by tidal circularization (see Rasio et al. 1996;
Marcy et al. 1997; Terquem et al. 1998).

Apparently, Jupiter-mass companions orbiting from 0.2
to 2.5 AU, immune to tides, have large orbital eccentricities.
Apparently, some mechanism commonly produces eccen-
tric orbits in Jupiter-mass companions that reside from 0.2
to 2.5 AU in main-sequence stars. These eccentric planets
represent a general property of 0.3-1.2 M, stars.

Figure 8 shows orbital eccentricities as a function of
M sin i. No trend is apparent at first glance, suggesting that
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Fi1G. 7—Orbital eccentricity vs. semimajor axis for all 17 known extra-
solar planet candidates (M sin i < 11 M,). All small orbits are nearly circu-
lar, but all planet candidates that have a > 0.2 AU have eccentricities
above that of Jupiter (e = 0.05).

orbital eccentricity is not correlated with planet mass,
within the mass range 0.5-5 M,. However, all five planets
with M sin i < 1.1 M, reside in nearly circular orbits. This
correlation may be a selection effect, as the lowest mass
planets are more easily detected close to their host stars in
order to induce a detectable Doppler reflex signal. These
close planets are all subject to tidal circularization. Thus,
the low eccentricities among the lowest mass giant planets
may not be considered intrinsic to planet formation.

Figure 9 shows M sin i versus the semimajor axis for all
17 planet candidates. The detectability of planetary com-
panions is shown as the curved line near the bottom
(Cumming, Marcy, & Butler 1999). Apparently, the dis-
tribution of planet masses is not a strong function of the
semimajor axis from 0.05 to 2.5 AU for the range of detect-
able masses, 1-6 M. There is no paucity of either the most
or the least massive companions at either extreme of the
semimajor axis. Of course there may be some blurring in
mass due to sin i. Nonetheless, we conclude that if orbital
migration within a gaseous disk brings the giant plants
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F1G. 8.—Orbital eccentricity vs. M sin i for all 17 known extrasolar
planet candidates that have M sin i < 11 M,. No trend with planet mass is
apparent.
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F16. 9.—M sin i vs. semimajor axis for all 17 extrasolar planet candi-
dates. The lowest detectable values of M sin i are shown as the solid curve
near the bottom (Cumming et al. 1999). Planet candidates are found at all
values of the semimajor axis from 0.05 to 2.5 AU. The mass distribution
exhibits a cutoff at ~6 M, possibly the end of the planetary mass function.
HD 114762 appears above that prospective mass limit.

inward, neither that process nor the halting mechanism
seems to depend on planet mass.

Figure 10 shows a histogram of M sin i within the range
0 < 15 M, for known companions to main-sequence stars.
The distribution of M sin i shows a rapid decline at roughly
4 M;. There are no companions having M sin i = 7.5-11
M;, and those massive companions would have been easily
detected. This absence seems statistically significant relative
to the 14 companions having M sin i = 0.4-5 M,. All selec-
tion effects favor detection of the high-mass companions,
and thus the apparent drop in the M sin i histogram from 4
to 7 M, must be real. This drop implies that the distribution
of companion masses, dN/dM, must indeed exhibit a decline
at ~5 M, with increasing mass, within 2.5 AU.

The highest value of M sin i among planet candidates
(Fig. 10) is for HD 114762, which has M sin i = 11.02 M|,
which is well above the decline at ~5 M. Its unknown sin i
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F1G. 10.—Histogram of M sin i in the range 0-15 M, for all known
companions to main-sequence stars. The mass distribution exhibits a steep
drop for M sin i > 4 M,, indicating a drop in the underlying companion
mass function for M 2 5 M.
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leaves an important question unanswered regarding its true
mass and hence any affiliation with “planets.” With that
possible exception of HD 114762, the planetary mass dis-
tribution certainly declines rapidly for masses above 5 M.

The origin of the distribution of semimajor axes and
eccentricities now presents a puzzle. In the standard para-
digm, giant planets form outside 4 AU (Boss 1995; Lissauer
1995). Inward orbital migration (Lin et al. 1996; Trilling et
al. 1998) within the gaseous protoplanetary disk has been
suggested to explain the small orbits detected to date
among extrasolar planets. Such migration makes two pre-
dictions that appear testable. First, orbital migration in a
viscous, gaseous environment is expected to preserve circu-
lar orbits under most circumstances (but see Artymowicz
1993). In contrast, all nine planet candidates orbiting
between 0.2 and 2.5 AU have noncircular orbits. Second,
the orbital migration timescale is proportional to the
orbital period, which leads to rapid orbital decay for suc-
cessively smaller orbits. In contrast, the observed orbital
semimajor axes are spread throughout 0.1-2.5 AU
(although not necessarily distributed uniformly). No
obvious mechanism is known to halt the migration for these
orbits.

Apparently, the orbits with sizes of ~1 AU and large
eccentricities (e > 0.1) require physical processes that are
not explicitly included within the context of quiescent
migration in a dissipative medium. Scattering of orbits by
other planets, companion stars, or passing stars in the
young star cluster offer mechanisms for producing eccentric
orbits (Rasio & Ford 1996; Lin & Ida 1997; Weidenschil-
ling & Marzari 1996; Laughlin & Adams 1998). However,
these mechanisms do not explicitly predict small orbits of
<1 AU, because significant energy must be lost from the
original orbits of ~5 AU.

One possibility is that planet scattering continues to
occur during the final era of the remnant gaseous protopla-
netary disk. If the disk remains intact within the inner few
AU where the original gas density was highest, the disk can
serve as the reservoir into which the planet’s orbital energy
can be deposited, either by dynamical friction or by tidal
interaction between planet and disk. In this scenario, scat-
tered planets would reside in eccentric orbits subjecting
them to dissipation during periastron passages. Clearly
detailed models are required that include both planet scat-
tering and the dissipative effects of a weak inner gaseous
disk to determine the resulting planetary orbits.

In any case, we currently have little information about
giant planets that orbit beyond 3 AU. We expect to obtain
such information in the coming years as Doppler programs
extend their time baseline. Planets beyond 3 AU may well
reside in predominantly circular orbits. A population of
giant planets that never suffered significant scattering or
migration could comprise these Jupiter analogs. The lack of
main-sequence stars having reflex Doppler periodicities
with amplitudes above 30 m s~ ! already indicates a paucity
of planets having M > 3 M, within 5 AU (Cumming et al.
1999). It remains to be determined whether the planet mass
function rises rapidly for smaller masses.
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