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ABSTRACT. Precise Doppler observations at Lick Observatory have revealed a substellar companion orbiting
the F9 V star HD 136118 with an orbital peridtl= 1209+ 24  days, velocity semiamplitide 212 + 6

m s™*, and eccentricity 00.37 = 0.025 . The assumed stellar mass of M24 yields a Keplerian companion
with M sini = 11.9 M, and semimajor axis of 2.3 AU. We also confirm the orbital solutions for two previously
announced planets, one orbiting the F8 V star HD 50554 and one orbiting the GO V star HD 106252. Our orbital
solution for HD 50554 yield® = 1254+ 34 day& = 78.5+ 6.7 m%ande = 0.51=+ 0.06. The assumed
stellar mass of 1.06M, implies a companion mielssini = 3.7 M, and semimajor axis of 2.2 AU. For HD
106252, we find® = 1503.3+ 62 day¥ = 150.9+ 25 nT} and eccentricitg = 0.57 + 0.11 . The assumed
stellar mass of 0.981,, implies! sini = 6.96 M, and semimajor axis of 2.42 AU.

1. INTRODUCTION their Keck planet search survey have substellar companions at
separations less than a few AU withsini  between 10 and

High-precision Doppler techniques have detected about 80
'gn-precis PP 'qu v . 80 M,. Halbwachs et al. (2000) likewise find a minimum in

extrasolar planets as companions to F, G, K, and M type main—th distributi £l bstell . bet 10 and
sequence or subgiant stars (Butler, Marcy, & Vogt 1998; Butler € distribution of close substetiar companions between 19 an

et al. 1997, 1999, 2000, 2001; Butler & Marcy 1996; Cochran 30 ij. dThe paucity of fhese I‘?Ompa”ions' a so-called brown
et al. 1997: Delfosse et al. 1998: Fischer et al. 1999, 2001, dwart desert, apparently applies to companions at semimajor

2002; Hatzes et al. 2000; Henry et al. 2000; Jones et al. 2002:2X€S Of tens to hundreds of AU (McCarthy 2001). At sepa-
y rations wider than 1000 AU, Gizis et al. (2001) suggest that

Korzennik et al. 2000; Krster et al. 2000; Marcy & Butler b dwarf : b ol
1996; Marcy, Butler, & Vogt 1999; Marcy et al. 1998, 2000, rown dwart companions may be as common as steflar com-
panions in that same separation range.

2001a, 2001b; Mayor & Queloz 1995; Mazeh et al. 2000; Naef
et al. 2001; Noyes et al. 1997; Queloz et al. 2000; Santos et

al. 2001; Tinney et al. 2001, 2002; Udry et al. 2000; Vogt et 2. OBSERVATIONS
al. 2000, 2002; Zucke.r et al. 2002). This techniqqg is sensitive  We are carrying out a Doppler survey of about 350 stars at
to companions that induce reflex stellar velociti&s> 10 Lick Observatory and about 600 stars at the Keck Observatory.

m s'*, and exhibit orbital periods ranging from a few days to The Hamilton spectrograph at Lick (Vogt 1987) has a resolution
several years, with the maximum detectable orbital period setR ~ 50,000and is fed with light from either the Shane 3 m
by the time baseline of Doppler observations. telescope or the 0.6 m Coudeixiliary telescope (CAT). The
The mass distribution of known extrasolar planets rises rap- typical signal-to-noise ratio (S/N) f&f = 7 stars is 140 piXel
idly toward the low-mass detection threshold of the Doppler for either a single 10 minute observation witle B m teéscope
technique (Vogt et al. 2002), suggesting that lower mass objectsor for two 40 minute observations with the CAT telescope.
are predominant among gas giant planets. There is essentially The Keck project uses the HIRES spectrograph (Vogt et al.
no observational incompleteness for companions with 1994) with a resolutiorR ~ 80,000 . Exposure times for stars
M sini > 10 M, and orbital separations less than 3 AU. Marcy prighter tharlV = 7 are typically 1 minute and yield S/N better
& Butler (2000) estimate that less than 0.5%~&00 stars on  than 200. To increase phase coverage, stars showing velocity
variation at Lick are often added to the Keck project. The higher
. . . _ . SIN observations at Keck result in velocity precision that is
* Based on observations obtained at Lick and Keck Observatories, which . _ . . .
are operated by the University of California. almost uniformly a few m s for chromospherically inactive

2 Department of Astronomy, University of California, Berkeley, CA 94720; Stars.

fischer@serpens.berkeley.edu. The Hamilton spectral format spans a wavelength range of
® Department of Terrestrial Magnetism, Carnegie Institution of Washington, 3700-9000 Aand the Keck spectral format spans a wavelength
5241 Broad Branch Road NW, Washington, DC 20015-1305. range of 37006200 ABoth projects employ an iodine cell to

4UCO/Lick Observatory, University of California at Santa Cruz, Santa Cruz, . . .
CA 95064 Y Y impose a grid of sharp reference lines between 5000 and 6000

s Physics and Astronomy, University of Sussex, Falmer, Brighton BN1 9QJ, A on the stellar spectrum. In the analysis, a high S/N template
UK. spectrum without iodine is combined with a Fourier transform
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TABLE 1 TABLE 2
STELLAR CHARACTERISTICS RADIAL VELOCITIES FOR HD 136118FrOM LICK OBSERVATORY
Characteristic HD 136118 HD 50554 HD 106252 JD Radial Velocity Uncertainties

— 1 — 1
Vo 6.9 6.84 7.41 (+2,450,000) (ms?) (ms?)
B—V oot 0.553 0.582 0.635 10832.0609...... 135.81 35.54
Spectral type........ Fo Vv F8 V GOV 11004.749...... —-119.48 28.04
Distance (pc)........ 52.3 31.2 37.4 11005.735...... -69.47 29.15
[FelH] ..ol —0.065 -0.057 —-0.078 11026.698...... —-108.79 20.65
T (K) oo, 6003 5844 5753 11027.687...... -90.31 18.74
vsini (kms? ...... 7.0 3.88 2.9 11243.013...... —~176.49 15.29
Mg orriiniiiainnnn, 1.24 1.065 0.96 11298.905...... —-178.86 19.04
Ro wrveeereeniinnnns 1.58 1.096 1.096 11299.820...... —~176.55 14.10
Sk e 0.173 0.164 0.162 11303.868...... —-195.51 14.79
0GR evevenannnnn. —4.88 —4.94 —4.97 11304.818...... —204.86 13.67
P, (days) ........... 12.2 16.1 22.8 11305.833...... —-195.43 13.48
11337.758...... —233.27 16.75
11362.751...... —224.54 17.06
I . . 11541.094...... —231.26 15.88
spgctrometer |od!ne o'bserva'tlon to.model m;trumental broad- 11608.004. .. _181.42 1792
ening and to derive _dlff_ere_ntlal radial velocities in the obser- 11627.902....... ~177.43 13.61
vations of the star with iodine (Butler et al. 1996). The veloc- 11629.891...... —159.88 15.45
ities for all three stars in this paper made use of a 11733.725....... 0.00 13.18
high-resolution, high-S/N template spectrum from Keck. 11751.729...... 20.19 12.21
11752.682...... 41.09 13.69
11914.096...... 178.88 16.57
2.1. HD 136118 11928.092...... 157.62 14.03
HD 136118 HIP 74948) is av = 6.9, F9 V star with 11946.039....... 168.71 11.30
B—V = 0.553and aHipparcos-based distance (ESA 1997) of 11976.046....... 122.18 14.46
' 11998.970...... 112.86 12.71
52.27 pC. The spectral types for HD 136118, HD 50554, and 11999.933...... 95.87 14.10
HD 106252 were all taken from thidipparcos database. The 12000.978...... 62.76 17.96
absolute visual magnitude of this std,, = 3.61 , indicates 12033.907...... 63.71 11.86
that this star is beginning to evolve away from the main i;gggg?g ------ 22-2‘2‘ E-gg
sequence. From spectral synthesis modgllng we derive 12103734 .. 148 14.83
[FE/H] = —0.065+ 005, Teff = 6003, andvsini =7 km 12121.686...... 8.29 12.56
s *. Together with the absolute magnitude and color, the met- 12157.646...... —-33.19 16.20

allicity provides a mass estimate of 1.8,  for HD 136118.
We note that this mass estimate differs somewhat from Allende
Prieto & Lambert (1999), who derive a stellar mass of 1.31 discussed in this paper) is plotted against the solan 6dine
M, and stellar radiuR = 1.58 R, . For Keplerian modeling, in Figure 1 and does not show any overt emission. The emission
we adopt an average from these two mass estimates ofindex for HD 136118 isS,« = 0.173 . We derive a ratio of
1.24+ 0.07 M. The stellar characteristics of all three stars S, to the bolometric fluxJog R\x = —4.88 , indicating mod-
in this paper are summarized in Table 1. est chromospheric activity for this star. The H and K index has
It is important to monitor chromospheric activity in stars on been shown to correlate well with stellar rotation (Noyes et al.
Doppler surveys because the correlated magnetic fields carl984) and age (Baliunas et al. 1995), providing an estimate for
produce an astrophysical source of velocity noise. In extremethe rotation period® = 12.2 days and stellar ag@ Gyr.
cases, strong magnetic fields can produce stellar spots in young Adopting the stellar rotation period of 12.2 days and stellar
active stars, causing changes in line asymmetries that mas+adiusR = 1.58R_ , thev sini of 7 km s that we measure
guerade as dynamical Doppler variations (Queloz et al. 2002).in our spectrum suggests that we are observing the rotation
As a chromospheric indicator, we measure an average coreaxis close to equator-on. If the orbital plane is perpendicular
emission in the two Cai H and K lines, calibrated to the to the spin axis of the star, then our Doppler-derivdini
Mount Wilson scale (Noyes et al. 1984). The Lick spectral will be close to the absolute mass of the companion.
format was extended at the blue end from 4200 to 3708 A The moderate rotational velocity of HD 136118 results in
mid-2000. The time series Ca infrared triplet lines served as aspectral lines that are slightly broadened. Because the centroid
measurement of variations in the chromospheric activity for of broader lines cannot be as sharply defined, the velocity pre-
those observations where the @aH and K lines were  cision is slightly degraded for this star relative to slowly rotating
unavailable. and chromospherically inactive stars. Table 2 lists 33 velocity
The Can H line for HD 136118 (and the other two stars measurements of HD 136118 obtained over the last 3 yr. The
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Fic. 1.—Spectral window containing the Ca K line is plotted in three panels for each of the stars HD 136118, HD 50554, and HD 106252. The stellar spectra
are plotted as solid lines, and, for comparison, the National Solar Observatory solar spectrum is plotted in each panel as a dotted line.

radial velocity data are well fitted by a Keplerian model with
rms = 22.1m s* andx? = 1.04. This fit is consistent with
the mean velocity error of 16.4 ms . The Keplerian fit
(Fig. 2) yields a velocity semiamplitudg = 2129+ 6 m
s ', orbital periodP = 1209+ 24 days, and eccentricity
e = 0.37+ 0.025 The assumed mass of 1.8,  implies a o0 ' ' ]
companion mashkl sini = 11.9M; and semimajor axis of 2.3
AU, or 0'04 at a distance of 52 pc. The range in the assumed
stellar masses noted above result in a rangeMaini be-
tween 11.5 and 12.M1, . The orbital solutions for HD 136118
and the other two extrasolar planets discussed in this paper
are listed in Table 3.

200

Velocity (m/s)

2.2. HD 50554

The Geneva team has announced but not yet published the -200
detection of a planet wittM sini = 4.9 M, , orbital period . Lick Data
P = 1279days, and eccentricity = 0.42 orbiting HD 50554 L L L L L
(ESO press release 07/01, 2001 April 4). This star has also 1998 1999 Timi”?eears) 2001 2002
been on the Lick program since 1998. Velocity variations ob-
served in the Lick data prompted us to add this star to the
Keck project in 1999. Here, we present our mdependent ob- Fic. 2.—Keplerian fit to the radial velocities of HD 136118 reveals a com-

servations for this system. panion withM sini = 11.9M,, P = 1209in an eccentric orbig = 0.37 . The
HD 50554 (=HIP 33212) is aV = 6.84, F8 V star with  rmstothisfitis 22.1 ms with x> = 1.04 The data are from Lick Observatory.
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TABLE 3
ORBITAL PARAMETERS

Parameter HD 136118 HD 50554 HD 106252
P (days) .......... 1209.6 (24.0) 1254.6 (34) 1503.3 (32.0)
T,(D) .ol 2,451,800.6 (36.6) 2,451,926 (56.3) 2,451,896.6 (58.6)
(= 0.366 (025) 0.51 (0.06) 0.57 (0.112)
w(deg)............ 315.0 (4.5) 18.3 (7.6) 293.0 (10.5)
Ki(ms?h ........ 212.9 (6.0) 78.5 (6.7) 150.9 (25.0)
a(Aul) ............ 2.335 2.22 2.42
a, sini (AU) ...... 2.23 x 1072 7.77 x 10°° 0.17 x 10?2
f(m (Mg) ........ 9.57 x 1077 3.96 x 10°® 293 x 10”7
Msini (M) ....... 11.9 3.7 7.0
N 33 26 15
ms (ms?) ....... 22.1 11.3 9.34
Reducedy?® ....... 1.04 1.82 0.83

2 Range in the mass estimate for HD 136118 is discussed in the text and leads to

range of11.5M;< M sini <12.4M,.

B—V = 0.582 and Hipparcos-based distance of 31.2 pc. We
derive [Fe/H = —0.057+ 0.05,T,; = 5844, and sini =

likely source is photospheric noise, which we find typically
introduces 5-10 m§jitter in the velocities of F8 V stars. The

3.88km s* from spectral synthesis modeling. The stellar char- Keck residual velocities have an rms of about 9t's . However,
acteristics are summarized in Table 1. With the derived met- 5 periodogram of these residual velocities does not reveal sig-

allicity, we estimate the stellar mass to be 1Mg
Prieto & Lambert (1999) derive a stellar mass of 1\N04
radius of 1.096R, . We adopt an average mass of 165
for the mass of HD 50554.

The Cam H core emission is plotted in Figure 1. Our mea-
surement of core emission in the H and K lines yields
S« = 0.164 and setslogR/x = —4.94 , implying a rotation
period of 16.1 days.

Twenty-six velocities (Table 4) have been measured for HD
50554 over the last 4 yr. Fifteen of these velocities are from
Lick Observatory and 11 are from Keck. The velocities from
the two observatories have been combined with an arbitrary
offset to minimize residuals to the Keplerian fit. The data are
plotted in Figure 3, with diamonds representing the Keck ob-
servations and dots representing Lick velocities. The best-fit
Keplerian for the combined data set hgs= 1.82  and resid-
uals withrms = 11.3 m s*. We measure an orbital period
P = 1254 + 34 days, a velocity semiamplitud¢ = 78.5+
9.7m s*, and an orbital eccentricity ¢f.51+ 0.06 . The as-
sumed stellar mass of 1.085,,  yieldfssini = 3.72M, and
separation of 2.22 AU or’07.

The velocity semiamplitude that we measure is slightly lower
thanK = 95.0 m s?, the value announced by the Geneva team,

perhaps because our phase coverage near the peak of the ve-

locity amplitude is modest. Our higher eccentricity also dis-
agrees slightly with the value announced by the Geneva team.
These differences in measured orbital elements explain the
slightly lower M sini that we derive for the companion.

The rms fit for our orbital solution is consistent with the
average errors from Lick (12.6 m’s ) but greater than the mean
Keck errors (4.4 ms ). The relatively pogf fit to the com-
bined data set suggests that there is an additional source of
velocity jitter above the internal errors measured at Keck. One

. Allende nificant power at any frequency. We also plotted the residual

and yelocities against the individual measurement$gf
higher precision Keck observations, but no correlation between
these two parameters was observed.

for the

TABLE 4
RADIAL VELOCITIES FOR HD 50554

JD Radial Velocity Uncertainties
(+2,450,000) (ms? (ms?) Observatory
10831.805...... 20.23 16.44 Lick
10854.777...... 26.67 16.24 Lick
11131.003...... 15.39 16.15 Lick
11154.447...... —-7.72 10.59 Lick
11171.062...... —5.56 4.06 Keck
11171.955...... 0.00 4.18 Keck
11172.903...... —4.59 4.24 Keck
11174.113...... —6.74 5.01 Keck
11200.007...... 6.73 4.60 Keck
11242.710...... —-7.81 15.83 Lick
11299.528...... —12.57 6.47 Lick
11536.884...... 24.31 9.68 Lick
11540.400...... 11.93 7.48 Lick
11915.884...... 156.74 8.31 Lick
11946.739...... 125.98 8.78 Lick
12007.845...... 75.27 4.36 Keck
12033.691...... 64.33 6.85 Lick
12158.523...... 14.10 8.79 Lick
12219.141...... —-11.78 451 Keck
12220.111...... —19.77 5.22 Keck
12235.969...... 12.16 3.70 Keck
12238.914...... 10.84 3.89 Keck
12243.018...... —7.18 4.29 Keck
12256.951...... —22.70 13.06 Lick
12293.715...... —-1.97 6.17 Lick
12294.897...... —7.77 13.05 Lick
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Fic. 3.—Keplerian fit to the radial velocities of HD 50554 confirm a com- FiG. 4—Keplerian fit to the radial velocities of HD 106252 confirm a

pamon_announced by the Geneva tegr_n. We delbini = 3.7 M, 'n, ar_1 ) M sini = 6.96 M, companion announced by the Geneva team. We measure

orbit with P = 1254 days and eccentricitg = 0.51 . The rms to this fit is P = 1503 days in an eccentric orbi¢ = 0.57 . The rms to this fit is 9.34
1 2 . . . . .

11.3 m s* with X, = 1.82 The data are a combined data set'from Lick and m s with 52 = 0.83 The data are from Lick Observatory.

Keck Observatories and the Keck velocities are plotted as diamonds.

announced in 2001 April by the Geneva team. For HD 50554,
2.3. HD 106252 we detect a companion wit sini = 3.7 M, in a 3.5 yr orbit.

The GO V star HD 106252 has been on the Lick program FOr HD 106252, we detect ad sini = 6.96 M, companion

since 1998. The Geneva team has announced the detection dff @ 4.1 yr orbit. The differences between our results and those
a planet withM sini = 6.8 M,, orbital periodP = 1500 days, ©Of the Geneva team for HD 50554 arise primarily because we

and eccentricitye = 0.54 (ESO Press Release 07/01, 2001 Mmeasure a smaller velocity amplitude. However, we have sparse
April 4) for this star. We present our independent velocities OPservations at the velocity maximum, so this difference is not
and orbital solution. compelling. Our results for HD 106252 are in good agreement
HD 106252 HIP 59610) is av = 7.41, GO V star with ~ With the orbital elements announced by the Geneva team.

B—V = 0.635and Hipparcos-based distance of 37.4 pc. Our The three companions p_resented in this paper all have orb_ital
estimate of the stellar mass agrees with the value published byP€riods longer than 3 yr. Since the maximum detectable orbital
Allende Prieto & Lambert (1999). They derive a stellar mass Period is set by the time baseline of the Doppler observations,
of 0.96 M, and stellar radius of 1.098, for HD 106252. and since all of these stars were added to the Lick project in
From spectral synthesis modeling, we derive [Fe/H] 1998, itis not surprising that orbital periods of 34 yr are being
—0.078+ 0.05 T,, = 5753 andwsini = 2.9 km s. We reported in the year 2002. One point worth noting is that most
measure the Ca H and K core emissior§,, = 0.162 , with

a correspondintgpg R, = —4.97 and implied rotation period
of 22.8 days. The lack of emission is apparent in the plot of

TABLE 5
RADIAL VELOCITIES FOR HD 106252FrROM LICK OBSERVATORY

the Cam H line shown in Figure 1. JD Radial Velocity Uncertainties
Fifteen velocities (Table 5) have been measured for HD (+2,450,000) (ms™) (ms?)
106252 since January 1998. The best-fit Keplerian, shown in  10831.984. ... .. —31.11 15.67
Figure 4, hasy? = 0.83 andms= 9.34 m'$ . The orbital 11303.785...... —140.93 10.28
period isP = 1503.3+ 32 days. The velocity semiamplitude 11304.748...... —113.73 9.83
; _ 1 ; s 11534.094. ... .. —165.01 11.37

is K=150.9+ 25 m s* and the orbital eccentricity is

X 11628.817...... —185.69 10.45
0.57 £ 0.11 The assumed stellar mass of 0.8%6, yields a 11915.096. . ... 50.74 958
companion mass of 6.98; and separation of 2.42 AU or 11916.070...... 70.63 10.54
07065. This result is in excellent agreement with the parameters ~ 11998.900...... 103.87 11.95
announced by the Geneva team. 11999.871...... 105.26 10.97
12000.916...... 96.04 14.98
12033.833...... 91.41 10.59
3. DISCUSSION 12040.835. ... 93.13 9.46
We have detected a sini = 12 M, companion in a 3.3 12293.063...... —27.81 15.33
r orbit orbiting the star HD 136118. We also present data 12294.055........ —21.29 11.70
y 9 : P 12295.022. ... ~9.58 11.55

confirming two detections (around HD 50554 and HD 106252)
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The tendency for planet-bearing stars to have supersolar me-

g 30¢ ' ' ' ] tallicities has been widely discussed (Gonzalez 1997; Laughlin
-3, 25 3 2000; Murray et al. 2001). The 18 stars wi+V less than
8 : ] 0.6 (i.e., approximately GO V or earlier spectral types) and
® 20¢ E companions less massive thaiMshave a mean [Fe/H] of 0.1.
E 15 F 3 However, the five stars in this sarBe-V bin that have com-
o : ] panions more massive tharivg have a mean [Fe/H] 0f 0.08,
® 10F = almost 0.2 dex lower. This difference may be insignificant due
'g i ] to small number statistics, but if it continues then this may be
5 Of E a clue to the early conditions and formation mechanisms as-
= ot . . . ] sociated with these different mass ranges of extrasolar planets.
The companion orbiting HD 136118 is somewhat unusual
1994 1996 1998 2000 200 in that it has a mass that probably exceeds the deuterium-
Discovery Date burning threshold of 1®1,, often used to define a brown dwarf.

Only three out of 350 stars surveyed at Lick havesini

Fic. 5.—Number ofM sini <17 M, companions detected by all planet- greater than 370 .VII’ W!th. Msini = 7'42(Marcy & Butler
search teams with Doppler observations. The discovery date is the year of1996)v HD 89744 wittM sini = 7.17 (Korzennlk etal. 2000)*
publication, or the year in which a press release was issued if the detectionand HD 136118 (this paper). From statistical arguments, we
has not appeared in a peer-reviewed paper. expect thaM sini  from Doppler detected planets will be within

a factor of 2 of the true planet mass. Therefore, these three

of the companions with orbital periods shorter than 1 yr and objects represent the most likely cases where the true mass
velocity amplitudes greater than 30 m*iave probably been  places them above the deuterium-burning limit. Thus, an upper
detected in the current Lick sample. All five planets that were limit on the rate of occurrence of brown companions in the
discovered during 2002 using Lick data (or Lick data combined Lick sample is approximately 0.8%, in keeping with other sug-
with Keck data) had orbital periods longer than 1 yr. gestions that fewer than 1% of solar-type stars appear to have

Figure 5 shows that the number of published or announcedbrown dwarf companions at separations less than a few AU
extrasolar planets is increasing each year. Through the yea(Marcy & Butler 2000; Vogt et al. 2002).
2000, 3 of these detected planets had orbital periods shorter
than 1 yr. However, in the year 2001, ordy  of the extrasolar
planet detections had orbital periods shorter than 1 yr. The
typical orbital period of extrasolar planets is shifting toward  We gratefully acknowledge the dedication of the Lick Ob-
longer periods, reflecting the advancing time baseline of Dopp- servatory staff, particularly Tony Misch, Keith Baker, Wayne
ler observations for all planet survey projects. Indeed, it may Earthman, Kostas Chloros, John Morey, and Andy Tullis. We
be the case that nature has conspired to make planets moracknowledge support by NASA grant NAG 5-75005 (to G. W.
plentiful in the low-mass and long-period parameter regimes M.) and by NSF grant AST 99-88358 and NASA grant NAG
where they are most challenging to detect with Doppler ob- 5-4445 (to S. S. V.) and by Sun Microsystems. We thank the
servations. If so, then the productivity of Doppler searches will NASA and UC Telescope assignment committees for alloca-
increase as velocity precision improves and survey durationtions of telescope time. This research has made use of the

lengthens. Simbad database, operated at CDS, Strasbourg, France.
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