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Retired A Stars and Their Companions. IV.
Seven Jovian Exoplanets from Keck Observatory1

JOHN ASHER JOHNSON,2,3 ANDREW W. HOWARD,4 BRENDAN P. BOWLER,3 GREGORY W. HENRY,5 GEOFFREY W. MARCY,4

JASON T. WRIGHT,6 DEBRA A. FISCHER,7 AND HOWARD ISAACSON3

Received 2009 December 28; accepted 2010 April 29; published 2010 May 19

ABSTRACT. We report precise Doppler measurements of seven subgiants from Keck Observatory. All
seven stars show variability in their radial velocities consistent with planet-mass companions in Keplerian
orbits. The host stars have masses ranging from 1:1 ≤ M⋆=M⊙ ≤ 1:9, radii 3:4 ≤ R⋆=R⊙ ≤ 6:1, and metallicities
�0:21 ≤ ½Fe=H� ≤ þ0:26. The planets are all more massive than Jupiter (MP sin i > 1 MJup) and have semimajor
axes a > 1 AU. We present millimagnitude photometry from the T3 0.4 m APT at Fairborn Observatory for five of
the targets. Our monitoring shows these stars to be photometrically stable, further strengthening the interpretation of
the observed radial velocity variability. The orbital characteristics of the planets thus far discovered around former
A-type stars are very different from the properties of planets around dwarf stars of spectral type F, G, and K, and
suggests that the formation and migration of planets is a sensitive function of stellar mass. Three of the planetary
systems show evidence of long-term, linear trends indicative of additional distant companions. These trends,
together with the high planet masses and increased occurrence rate, indicate that A-type stars are very promising
targets for direct-imaging surveys.

1. INTRODUCTION

The field of exoplanetary science recently reached a major
milestone with the first direct-imaging detections of planetary
systems around main-sequence stars.8 Kalas et al. (2008) de-
tected a single planet-sized object with a semimajor axis
a≈ 120 AU, orbiting just inside of the dust belt around the
nearby, young A4V star Fomalhaut. The young A5V dwarf star
HR 8799 is orbited by a system of three substellar objects with
semimajor axes a ¼ f24; 38; 68g AU (Marois et al. 2008).
These remarkable systems share a number of characteristics
in common. Both host stars are A-type dwarfs with stellar

masses >1:5 M⊙ surrounded by debris disks, the planets are
super Jupiters with masses ≲3 MJup, and the companions orbit
far from their central stars with unexpectedly large semimajor
axes (ranging from 20–120 AU).

That both systems were discovered orbiting A stars might at
first seem unlikely, given that A stars make up less than 3% of
the stellar population in the Solar neighborhood and because the
star-planet contrast ratios are unfavorable compared to systems
with fainter, less massive central stars. However, in light of re-
cent discoveries from Doppler-based planet searches of massive
stars it is becoming apparent that A dwarfs may in fact be ideal
target stars for direct-imaging surveys (Hatzes et al. 2003; Se-
tiawan et al. 2005; Reffert et al. 2006; Sato et al. 2007; Nied-
zielski et al. 2007; Liu et al. 2008; Döllinger et al. 2009).
Measurements of the frequency of giant planets around the “re-
tired” counterparts of A-type dwarfs (subgiants and giants) have
found that the occurrence of Jovian planets scales with stellar
mass: A-type stars (M⋆ ≳ 1:5 M⊙) are at least 5 times more
likely than M dwarfs to harbor a giant planet (Johnson et al.
2007a; Bowler et al. 2010; Johnson et al. 2010). And just like
the current sample of imaged planets, Doppler-detected planets
around retired A stars are more massive (Lovis & Mayor 2007)
and orbit farther from their stars than do planets found around
Sun-like, F, G, and K (FGK) dwarfs (Johnson et al. 2007b; Sato
et al. 2008).

Indeed, there is strong evidence that the orbital characteris-
tics of planets around A stars are drawn from a statistical parent
population that is distinct from those of planets around FGK
dwarfs. Bowler et al. (2010) performed a statistical analysis

1 Based on observations obtained at the W. M. Keck Observatory, which is
operated jointly by the University of California and the California Institute
of Technology. Keck time has been granted by both NASA and the University
of California.

2 Department of Astrophysics, California Institute of Technology, Pasadena,
CA 91125; NASA Exoplanet Science Institute (NExScI); johnjohn@astro
.berkeley.edu.

3 Institute for Astronomy, University of Hawai‘i, Honolulu, HI 96822.
4 Department of Astronomy, University of California, Berkeley, CA 94720.
5 Center of Excellence in Information Systems, Tennessee State University,

Nashville, TN 37209.
6 Department of Astronomy & Astrophysics, Pennsylvania State University,

University Park, PA 16802.
7 Department of Astronomy, Yale University, New Haven, CT 06511.
8 The planet candidate around the A-type star β Pic announced by Lagrange

et al. (2009b) has not yet been confirmed by proper motion (Fitzgerald et al.
2009; Lagrange et al. 2009a). Similarly, there exists no proper motion fol-
low-up of the faint object imaged around 1RXS J160929.1-210524 (Lafrenière
et al. 2008).
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of planets detected in the Lick Subgiants Survey, which com-
prises 31 massive stars (M⋆ ≳ 1:5 M⊙) monitored for the past
5 yr. The mass-period distribution of exoplanets around FGK
dwarfs is typically described by a double–power-law relation-
ship, with the frequency of planets rising toward lower masses
and remaining flat in logarithmic semimajor-axis bins from
∼0:05 AU to ∼5 AU (Tabachnik & Tremaine 2002; Lineweaver
& Grether 2003; Cumming et al. 2008; Johnson 2009). Based
on the 7 planet detections from the Lick survey, Bowler et al.
concluded that the power-law indices of the distribution of
planets around A stars and Sun-like stars differ at the 4σ level;
the planets in their sample all have MP sin i >1:5 MJup and
none orbit within 1 AU. However, their small sample size pre-
cluded a determination of the exact shape of the mass-period
distribution. Fortunately, given the 26þ9

�8% occurrence rate mea-
sured from the Lick survey, it will not take long to build a sta-
tistical ensemble comparable to the collection of planets around
less massive stars.

To increase the collection of planets detected around massive
stars, and to study the relationships among the characteristics of
stars and the properties of their planets, we are conducting a
survey of massive subgiants at Keck and Lick Observatories.
The decreased rotation rates and cooler surface temperatures
of these evolved stars make them much more ideal Doppler-sur-
vey targets compared to their massive main-sequence progeni-
tors (Galland et al. 2005). The observed effects of stellar mass
on the properties of planets have important implications for pla-
net formation modeling (Ida & Lin 2005; Kennedy & Kenyon
2008; Kretke et al. 2009; Currie 2009; Dodson-Robinson et al.
2009); the interpretation of observed structural features in the
disks around massive stars (Wyatt et al. 1999; Quillen 2006;
Brittain et al. 2009); and the planning of current and future
planet search efforts, such as the Gemini Planet Imager (GPI;
Macintosh et al. 2008), Spectro-Polarimetric High-contrast
Exoplanets REsearch (SPHERE; Claudi et al. 2006), the Near-
Infrared Coronographic Imager (NICI; Artigau et al. 2008), and
Project 1640 (Hinkley et al. 2008). Our Lick survey has resulted
in the discovery of seven new Jovian planets orbiting evolved
stars more massive than the Sun (Johnson et al. 2006, 2007b,
2008; Peek et al. 2009; Bowler et al. 2010). In this contribution,
we present the first seven planets discovered in the expanded
Keck survey.

2. A DOPPLER SURVEY OF SUBGIANTS AT KECK
OBSERVATORY

2.1. Target Selection

We are monitoring the radial velocities (RV) of a sample of
500 evolved stars at Keck Observatory. The Keck program ex-
pands upon our Doppler survey of 120 subgiants at Lick Ob-
servatory, which has been ongoing since 2004 (Johnson et
al. 2006; Peek et al. 2009). The stars in the Lick program have

now been folded into the Keck target list and that subset of
brighter subgiants (V < 7:25) is currently monitored at both ob-
servatories. We began the Keck survey in 2007 April for the
majority of our target stars, and a handful of stars were part
of the original Keck planet search sample dating as far back
as 1997 (Marcy et al. 2008).

We selected the targets for the expanded Keck survey from
the Hipparcos catalog based on the criteria 1:8 < MV < 3:0,
0:8 < B� V < 1:1, and V ≲ 8:5 (ESA 1997; van Leeuwen
2007). We chose the red cutoff to avoid red giants, the majority
of which are already monitored by other planet search programs
and are known to exhibit velocity jitter >10 ms�1 (Sato et al.
2005; Hekker et al. 2006; Niedzielski et al. 2009). The lower
MV restriction avoids Cepheid variables, and the upper limit
excludes stars with masses less than 1:3 M⊙ when compared
to the Solar-metallicity ( Fe=H ¼ 0½ �) stellar model tracks of Gir-
ardi et al. (2002). We also excluded stars in the clump region
(B� V > 0:8, MV < 2:0) to avoid the closely-spaced and
often overlapping mass tracks in that region of the theoretical
H-R diagram.

2.2. Stellar Properties

Atmospheric parameters of the target stars are estimated
from iodine-free, “template” spectra using the LTE spectro-
scopic analysis package Spectroscopy Made Easy (SME;
Valenti & Piskunov 1996), as described by Valenti & Fischer
(2005) and Fischer & Valenti (2005). To constrain the low sur-
face gravities of the evolved stars, we used the iterative scheme
of Valenti et al. (2009), which ties the SME-derived value of log
g to the gravity inferred from the Yonsei-Yale (Y2; Yi et al.
2004) stellar model grids. The analysis yields a best-fit estimate
of T eff , log g, [Fe/H], and V rot sin i. The properties of the ma-
jority of our targets from Lick and Keck are listed in the fourth
edition of the Spectroscopic Properties of Cool Stars Catalog
(SPOCS IV; Johnson et al. 2010, in prep). We adopt the
SME parameter uncertainties described in the error analysis
of Valenti & Fischer (2005).

The luminosity of each star is estimated from the apparent V -
band magnitude, the bolometric correction (Flower 1996), and
the parallax from Hipparcos (van Leeuwen 2007). From T eff

and luminosity, we determine the stellar mass, radius, and an
age estimate by associating those observed properties with a
model from the Y2 stellar interior calculations (Yi et al.
2004). We also measure the chromospheric emission in the
Ca II line cores (Wright et al. 2004; Isaacson 2009), providing
an SHK value on the Mt. Wilson system, which we convert to
logR0

HK as per Noyes et al. (1984).
The stellar properties of the seven stars presented herein are

summarized in Table 1.
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3. OBSERVATIONS AND ANALYSIS

3.1. Keck Spectra and Doppler Analysis

We obtained spectroscopic observations at Keck Observatory
using the HIRES spectrometer with a resolution of R≈ 55; 000
with the B5 decker (0.86″ width) and red cross-disperser (Vogt
et al. 1994). We use the HIRES exposure meter to ensure that all
observations receive uniform flux levels independent of atmo-
spheric transparency variations, and to provide the photon-
weighted exposure midpoint which is used for the barycentric
correction. Under nominal atmospheric conditions, a V ¼ 8 tar-
get requires an exposure time of 90 s and results in a signal-to-
noise ratio of 190 at 5500 Å.

The spectroscopic observations are made through a tempera-
ture-controlled Pyrex cell containing gaseous iodine, which is
placed at the entrance slit of the spectrometer. The dense set of
narrow molecular lines imprinted on each stellar spectrum from
5000 Å to 6000 Å provides a robust, simultaneous wavelength
calibration for each observation, as well as information about
the shape of the spectrometer’s instrumental response (Marcy
& Butler 1992). Doppler shifts are measured from each spec-
trum using the modeling procedure described by Butler et al.
(1996). The instrumental uncertainty of each measurement is
estimated based on the weighted standard deviation of the
mean Doppler shift measured from each of ≈700 2 Å spectral
chunks. In a few instances, we made two or more successive
observations of the same star and binned the velocities (in
2 hr time intervals), thereby reducing the associated measure-
ment uncertainty.

3.2. Photometric Measurements

We also acquired brightness measurements of five of the se-
ven planetary candidate host stars with the T3 0.4 m automatic
photometric telescope (APT) at Fairborn Observatory. T3 ob-
served each program star differentially with respect to two com-

parisons stars in the following sequence, termed a group
observation: K,S,C,V,C,V,C,V,C,S,K, where K is a check (or
secondary comparison) star, C is the primary comparison star,
V is the program (normally a variable) star, and S is a sky read-
ing. Three V � C and two K � C differential magnitudes are
computed from each sequence and averaged to create group
means. Group-mean differential magnitudes with internal stan-
dard deviations greater than 0.01 mag were rejected to eliminate
the observations taken under nonphotometric conditions. The
surviving group means were corrected for differential extinction
with nightly extinction coefficients, transformed to the Johnson
system with yearly-mean transformation coefficients, and trea-
ted as single observations thereafter. The typical precision of a
single group-mean observation from T3, as measured for pairs
of constant stars, is ∼0:004–0:005 mag (e.g., Henry et al. 2000
Tables 2–3). Further information on the operation of the T3 APT
can be found in Henry et al. (1995b, 1995a) and Eaton
et al. (2003).

Our photometric observations are useful for eliminating po-
tential false positives from the sample of new planets. Queloz
et al. (2001) and Paulson et al. (2004) have demonstrated how
rotational modulation in the visibility of starspots on active stars
can result in periodic radial velocity variations and potentially
lead to erroneous planetary detections. Photometric results for
the stars in the present sample are given in Table 2. Columns
(7)–(10) give the standard deviations of the V � C and K �
C differential magnitudes in the B and V passbands with the
3σ outliers removed. With the exception of HD 206610, all
of the standard deviations are small and approximately equal
to the measurement precision of the telescope.

For HD 206610, the standard deviations of the four data sets
ðV � CÞB, ðV � CÞV , ðK � CÞB, and ðK � CÞV are all larger
than 0.01 mag and indicate photometric variability. Periodo-
gram analyses revealed that all four data sets have a photometric
period of 0.09 day and an amplitude of ∼0:03 mag. Thus, the
variability must arise from HD 206610’s primary comparsion

TABLE 1

STELLAR PARAMETERS

Parameter HD 4313 HD 95089 HD 181342 HD 206610 HD 180902 HD 136418 HD 212771

V . . . . . . . . . . . . . . . . . . . . . . 7.83 7.92 7.55 8.34 7.78 7.88 7.60
B� V . . . . . . . . . . . . . . . . 0.96 0.94 1.02 1.01 0.94 0.93 0.88
Distance (pc) . . . . . . . . . 137 (14) 139 (16) 110.6 (7.5) 194 (36) 110 (10) 98.2 (5.6) 131 (14)
MV . . . . . . . . . . . . . . . . . . . 2.2 (0.3) 2.1 (0.3) 2.2 (0.2) 2.2 (0.4) 2.5 (0.3) 2.7 (0.2) 2.2 (0.3)
[Fe/H] . . . . . . . . . . . . . . . . . +0.14 (0.03) +0.05 (0.03) +0.26 (0.03) +0.14 (0.03) 0.04 (0.03) −0.07 (0.03) −0.21 (0.03)
T eff (K) . . . . . . . . . . . . . . 5035 (44) 5002 (44) 5014 (44) 4874 (44) 5030 (44) 5071 (44) 5121 (44)
V rot sin i (km s�1) . . . . . 2.76 (0.5) 2.74 (0.5) 3.04 (0.5) 2.57 (0.5) 2.88 (0.5) 0.17 (0.5) 2.63 (0.5)
log g . . . . . . . . . . . . . . . . . . . 3.4 (0.06) 3.4 (0.06) 3.4 (0.06) 3.3 (0.06) 3.5 (0.06) 3.6 (0.06) 3.5 (0.06)
M� (M⊙) . . . . . . . . . . . . . 1.72 (0.12) 1.58 (0.11) 1.84 (0.13) 1.56 (0.11) 1.52 (0.11) 1.33 (0.09) 1.15 (0.08)
R� (R⊙) . . . . . . . . . . . . . . 4.9 (0.1) 4.9 (0.1) 4.6 (0.1) 6.1 (0.1) 4.1 (0.1) 3.4 (0.1) 5.0 (0.1)
L� (R⊙) . . . . . . . . . . . . . . 14.1 (0.5) 13.5 (0.5) 12.0 (0.5) 18.9 (0.6) 9.4 (0.5) 6.8 (0.5) 15.4 (0.5)
Age (Gyr) . . . . . . . . . . . . . 2.0 (0.5) 2.5 (0.9) 1.8 (0.4) 3 (1) 2.8 (0.7) 4 (1) 6 (2)
SHK . . . . . . . . . . . . . . . . . . . 0.12 0.13 0.12 0.14 0.15 0.14 0.16
logR0

HK . . . . . . . . . . . . . . . −5.27 −5.22 −5.31 −5.23 −5.14 −5.19 −5.09

RETIRED A STARS AND THEIR COMPANIONS. IV 703

2010 PASP, 122:701–711



TA
B
L
E
2

SU
M
M
A
R
Y

O
F
PH

O
T
O
M
E
T
R
IC

O
B
S
E
R
V
A
T
IO

N
S
F
R
O
M

FA
IR
B
O
R
N
O
B
S
E
R
V
A
T
O
R
Y

Pr
og
ra
m

St
ar

(1
)

C
om

pa
ri
so
n
St
ar

(2
)

C
he
ck

St
ar

(3
)

D
at
e
R
an
ge

(H
JD

−2
,4
40
,0
00
)

(4
)

D
ur
at
io
n

(d
ay
s)

(5
)

N
ob
s

(6
)

σð
V
�
C
Þ B

(m
ag
)

(7
)

σð
V
�
C
Þ V

(m
ag
)

(8
)

σð
K

�
C
Þ B

(m
ag
)

(9
)

σð
K

�
C
Þ V

(m
ag
)

(1
0)

V
ar
ia
bi
lit
y

(1
1)

H
D

43
13

..
..
..
.

H
D

46
27

H
D

45
26

54
75
6–
55
22
2

46
6

18
8

0.
00
39

0.
00
46

0.
00
38

0.
00
56

C
on
st
an
t

H
D

95
08
9

..
..
..

H
D

94
40
1

H
D

93
10
2

55
13
9–
55
23
7

98
58

0.
00
56

0.
00
59

0.
00
45

0.
00
64

C
on
st
an
t

H
D

18
09
02

..
..
.

H
D

17
99
49

H
D

18
12
40

55
12
2–
55
12
6

4
3

0.
00
32

0.
00
31

0.
00
10

0.
00
56

C
on
st
an
t?

H
D

20
66
10

..
..
.

H
D

20
53
18

H
D

20
87
03

54
75
6–
55
17
0

41
4

88
0.
01
83

a
0.
01
40

a
0.
01
72

0.
01
24

C
on
st
an
t

H
D

21
27
71

..
..
.

H
D

21
22
70

H
D

21
31
98

55
11
9–
55
17
0

51
60

0.
00
43

0.
00
48

0.
00
51

0.
00
65

C
on
st
an
t

a
C
om

pa
ri
so
n
st
ar

H
D

20
53
18

is
va
ri
ab
le

in
br
ig
ht
ne
ss
,
so

w
e
re
co
m
pu
te
d
th
e
st
an
da
rd

de
vi
at
io
ns

of
th
e
pr
og
ra
m

st
ar

fr
om

th
e
ðV

�
K
Þ B

an
d
ðV

�
K
Þ V

di
ff
er
en
tia
l

m
ag
ni
tu
de
s,
an
d
fi
nd

th
em

to
be

0.
00
66

m
ag

an
d
0.
00
67

m
ag

in
B

an
d
V
,
re
sp
ec
tiv

el
y.

704 JOHNSON ET AL.

2010 PASP, 122:701–711



star (C ¼ HD 205318), which is included in all four data
sets. Given its period, amplitude, and early-F spectral class,
it is probably a new δ Scuti star. We computed new differential
magnitudes for HD 206610 using the check star (K) to form the
variable minus check data sets ðV �KÞB and ðV �KÞV . The
standard deviations of these two data sets are 0.0066 mag and
0.0067 mag, respectively.

Therefore, all five of the planetary candidate stars in Table 2
are photometrically constant to the approximate limit of the
APT observations. The measured photometric stability supports
the planetary interpretation of the radial velocity variations. The
two stars that we did not observe photometrically, HD 136418
and and HD 181342, have similar masses, colors, and activity
levels (Table 2) as the five stars we did observe and so are likely
to be photometrically constant as well.

3.3. Orbit Analysis

For each star we performed a thorough search of the mea-
sured velocities for the best-fitting, single-planet Keplerian or-
bital model using the partially-linearized, least-squares fitting
procedure described in Wright & Howard (2009) and imple-
mented in the IDL package RVLIN.9 Before searching for a
best-fitting solution, we increased the measurement uncertain-
ties by including an error contribution due to stellar “jitter.” The
jitter accounts for any unmodeled noise sources intrinsic to the
star such as rotational modulation of surface inhomogeneities
and pulsation (Saar et al. 1998; Wright 2005; Makarov et al.
2009; Lagrange et al. 2010).

We estimate the jitter for our subgiants based on the velocity
variability of a sample of “stable” stars, for which we have ob-
tained>4 observations over a time span greater than 2 yr. These
stars do not show evidence of an orbital companion, except in a
few cases where the stars exhibit a linear trend. In those cases
we remove the trend using a linear fit and consider the scatter in
the residuals. Figure 1 shows the distribution of RVs for all 72
stable stars, comprising 382 measurements. We fit a Gaussian
function to the distribution with a width σ ¼ 5:1 ms�1. The
measurement uncertainties, shown in the lower panel, span
0:6–2:5 ms�1, with a median value of 1:2 ms�1. We subtracted
this median internal error in quadrature from the measured
width of the distribution of RVs to produce a jitter estimate
of 4:95 ms�1. In the analysis of each star’s RV time series
we round this value up and adopt a uniform jitter estimate of
5 ms�1, which we add in quadrature to the measurement un-
certainties before searching for the best-fitting orbit.

After identifying the best-fitting model, we use a Markov-
Chain Monte Carlo (MCMC) algorithm to estimate the para-
meter uncertainties (see, e.g., Ford 2005; Winn et al. 2007).
MCMC is a Bayesian inference technique that uses the data
to explore the shape of the likelihood function for each para-

meter of an input model. At each step, one parameter is selected
at random and altered by drawing a random variate from a
normal distribution. If the resulting χ2 value for the new trial
orbit is smaller than the previous χ2 value, then the trial orbital
parameters are added to the chain. If not, then the probability of
adopting the new value is set by the ratio of the probabilities
from the previous and current trial steps. If the current trial
is rejected then the parameters from the previous step are
adopted.

We alter the standard deviations of the random parameter
variates so that the acceptance rates are between 20% and
40%. The initial parameters are chosen from the best-fitting or-
bital solutions derived using the least-squares method described
here, and each chain is run for 107 steps. The initial 10% of the
chains are excluded from the final estimation of parameter un-
certainties to ensure uniform convergence. We verify that con-
vergence is reached by running five shorter chains with 106

steps and checking that the Gelman-Rubin statistic (Gelman
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FIG. 1.—Top. Distribution of RVs for 72 standard stars, comprising a total of
382 measurements. The dashed line shows the best-fitting Gaussian with a width
σ ¼ 5:1 ms�1. Bottom. Distribution of internal measurement uncertainties for
382 RV measurements. The median is 1:2 ms�1. Together with the distribution
of RVs in the top panel, this provides us with a jitter estimate of 5 ms�1, which
we apply to all of the stars presented herein.

9 At http://exoplanets.org/code/.
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&Rubin 1992) for each parameter is near unity (≲1:02) and that
a visual inspection of the history plots suggests stability.

The resulting “chains” of parameters form the posterior prob-
ability distribution, from which we select the 15.9 and 84.1 per-
centile levels in the cumulative distributions as the “1σ”
confidence limits. In most cases, the posterior probability dis-
tributions were approximately Gaussian.

3.4. Testing RV Trends

We use the Bayesian Information Criterion (BIC; Schwarz
1978; Liddle 2004) and the MCMC posterior probability den-
sity functions (pdf) to determine whether there is evidence for a
linear velocity trend (Bowler et al. 2010). The BIC rewards bet-
ter-fitting models but penalizes overly complex models, and is
given by

BIC≡�2 lnLmax þ k lnN; (1)

where Lmax ∝ expð�χ2
min=2Þ is the maximum likelihood for a

particular model with k free parameters and N data points.10 A
difference of ≳2 between BIC values with and without a trend
indicates that there is sufficient evidence for a more complex
model (Kuha 2004).

We also use the MCMC-derived pdf for the velocity trend
parameter to estimate the probability that a trend is actually pre-
sent in the data. If the 99.7 percentile of the pdf lies above or
below 0 ms�1 yr�1 then we adopt the model with the trend. The
BIC and MCMC methods yield consistent results for the planet
candidates described in § 4.

3.5. False-Alarm Evaluation

For each planet candidate we consider the null–hypothesis
that the apparent periodicity arose by chance from larger-
than-expected radial velocity fluctuations and sparse sampling.
We test this possibility by calculating the false-alarm probability
(FAP) based on the goodness-of-fit statistic Δχ2

ν (Howard et al.
2009; Marcy et al. 2005; Cumming 2004), which is the differ-
ence between two values of χ2

ν : one from the single-planet Ke-
plerian fit and one from the fit of a linear trend to the data. Each
trial is constructed by keeping the times of observation fixed and
scrambling the measurements, with replacement. We record the
Δχ2

ν value after each trial and repeat this process for 10,000 trial
data sets. For the ensemble set we compare the resulting distri-
bution of Δχ2

ν to the value from the fit to the original data. The
planets presented in § 4 all have FAP <0:001, corresponding to
<0:5 false alarms for our sample of 500 stars.

4. RESULTS

We have detected seven new Jovian planets orbiting evolved,
subgiant stars. The RV time series of each host star is plotted in
Figures 2–8, where the error bars show the quadrature sum of
the internal errors and the jitter estimate of 5 ms�1, as described
in § 3.3. The RV measurements for each star are listed in
Tables 3–9, together with the Julian date of observation and
the internal measurement uncertainties (without jitter). The best-
fitting orbital parameters and physical characteristics of the
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FIG. 2.—Relative RVs of HD 4313 measured at Keck Observatory. The error
bars are the quadrature sum of the internal measurement uncertainties and 5 m
s�1 of jitter. The dashed line shows the best-fitting orbit solution of a single
Keplerian orbit. The solution results in residuals with an rms scatter of 3:7 m
s�1 and
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FIG. 3.—Relative RVs of HD 95089 measured at Keck Observatory. The error
bars are the quadrature sum of the internal measurement uncertainties and 5 m
s�1 of jitter. The dashed line shows the best-fitting orbit solution of a single
Keplerian orbit plus a linear trend (dv=dt ¼ 30:9� 1:9 ms�1 yr�1). The solu-
tion results in residuals with an rms scatter of 5:7 ms�1 and
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¼ 1:32. The
lower panel shows the RVs with the linear trend removed.

10The relationship between Lmax and χ2
min is only valid under the assumption

that the errors are described by a Gaussian, which is approximately valid for our
analyses.

706 JOHNSON ET AL.

2010 PASP, 122:701–711



planets are summarized in Table 10, along with their uncertain-
ties. When appropriate we list notes for some of the individual
planetary systems.

HD 95089, HD 136418, HD 180902.—The orbit models for
these three stars include linear trends. We interpret the linear
trend as a second orbital companion with a period longer than
the time baseline of the observations.

HD 181342.—The time sampling of HD 181342 is sparser
than most of the the other stars presented in this work. However,

the large amplitude of the variations and observations clustered
near the quadrature points result in a well-defined χ2

ν minimum
in the orbital parameter space. The FAP for the orbit solution
is 0.0064%.

HD 212771.—This low-mass subgiant has a mass
M⋆ ¼ 1:15 M⊙, indicating that it had a spectral type of early
G to late F while on the main sequence. In addition to being one
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FIG. 4.—Relative RVs of HD 181342 measured at Keck Observatory. The
error bars are the quadrature sum of the internal measurement uncertainties
and 5 ms�1 of jitter. The dashed line shows the best-fitting orbit solution of
a single Keplerian orbit. The solution results in residuals with an rms scatter
of 4:7 ms�1 and
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FIG. 5.—Relative RVs of HD 206610 measured at Keck Observatory. The
error bars are the quadrature sum of the internal measurement uncertainties
and 5 ms�1 of jitter. The dashed line shows the best-fitting orbit solution of
a single Keplerian orbit. The solution results in residuals with an rms scatter
of 4:8 ms�1 and
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FIG. 6.—Relative RVs of HD 180902 measured at Keck Observatory.
The error bars are the quadrature sum of the internal measurement uncertainties
and 5 ms�1 of jitter. The dashed line shows the best-fitting orbit solution of a
single Keplerian orbit plus a linear trend (dv=dt ¼ 135:4� 3:5 ms�1 yr�1). The
solution results in residuals with an rms scatter of 3:3 ms�1 and
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The lower panel shows the RVs with the linear trend removed.
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FIG. 7.—Relative RVs of HD 136418 measured at Keck Observatory. The
error bars are the quadrature sum of the internal measurement uncertainties
and 5 ms�1 of jitter. The dashed line shows the best-fitting orbit solution of
a single Keplerian orbit plus a linear trend (dv=dt ¼ �5:3� 1:7 ms�1 yr�1).
The solution results in residuals with an rms scatter of 5:0 ms�1 and
ffiffiffiffiffiffi
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¼ 1:15. HD 136418 has a mass M⋆ ¼ 1:33 M⊙, making it a former
F-type star.
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of our least massive targets, HD 212771 is also one of the most
metal-poor stars in the Keck sample ½Fe=H� ¼ �0:21. Poor RV
coverage near velocity maximum due to the nearly annual signal
may result in a relatively weak constraint on its eccentricity. We
quote the upper limit (95% confidence) in Table 10.
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FIG. 8.—Relative radial velocity measurements of HD 212771. The error
bars are the quadrature sum of the internal measurement uncertainties and
5 ms�1 of jitter. The dashed line shows the best-fitting orbit solution of a
single Keplerian orbit. The solution results in residuals with an rms scatter
of 5:8 ms�1 and
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¼ 1:29. HD 212771 has a mass M⋆ ¼ 1:15 M⊙, indi-
cating that it was either an early G or late F star when it was on the main
sequence.

TABLE 3

RADIAL VELOCITIES FOR HD 4313

JD−2,440,000
RV

(m s�1)
Uncertainty
(m s�1)

14339.932 . . . . . . . . . . . . . 23.92 1.57
14399.842 . . . . . . . . . . . . . 21.61 1.59
14456.806 . . . . . . . . . . . . . −30.29 1.61
14675.006 . . . . . . . . . . . . . 8.82 1.71
14689.004 . . . . . . . . . . . . . 13.91 1.60
14717.945 . . . . . . . . . . . . . 24.71 1.53
14722.895 . . . . . . . . . . . . . 31.39 1.60
14779.854 . . . . . . . . . . . . . 8.37 1.70
14790.889 . . . . . . . . . . . . . 1.82 1.64
14805.807 . . . . . . . . . . . . . −18.24 1.54
14838.768 . . . . . . . . . . . . . −46.70 1.61
14846.745 . . . . . . . . . . . . . −54.50 1.69
14867.754 . . . . . . . . . . . . . −61.16 3.56
14987.118 . . . . . . . . . . . . . −25.11 1.69
15015.049 . . . . . . . . . . . . . −3.83 1.54
15016.081 . . . . . . . . . . . . . −1.47 1.41
15027.089 . . . . . . . . . . . . . 8.26 1.61
15049.038 . . . . . . . . . . . . . 22.34 1.56
15076.091 . . . . . . . . . . . . . 22.90 1.60
15081.091 . . . . . . . . . . . . . 21.97 1.55
15084.143 . . . . . . . . . . . . . 15.79 1.60
15109.955 . . . . . . . . . . . . . 15.55 1.63
15133.975 . . . . . . . . . . . . . 0.00 1.60
15169.860 . . . . . . . . . . . . . −23.21 1.57
15187.855 . . . . . . . . . . . . . −42.72 1.55
15198.771 . . . . . . . . . . . . . −51.25 1.55
15229.722 . . . . . . . . . . . . . −63.75 1.43
15250.713 . . . . . . . . . . . . . −67.93 1.50

TABLE 4

RADIAL VELOCITIES FOR HD 95089

JD−2,440,000
RV

(m s�1)
Uncertainty
(m s�1)

14216.851 . . . . . . . . . . . . . −11.35 1.26
14429.126 . . . . . . . . . . . . . 3.46 1.35
14543.962 . . . . . . . . . . . . . 27.54 1.44
14602.807 . . . . . . . . . . . . . −1.61 1.19
14603.793 . . . . . . . . . . . . . 7.19 1.39
14808.056 . . . . . . . . . . . . . −21.62 1.25
14839.102 . . . . . . . . . . . . . −20.36 1.49
14847.054 . . . . . . . . . . . . . −10.63 1.52
14865.063 . . . . . . . . . . . . . −12.19 1.27
14929.816 . . . . . . . . . . . . . 4.82 1.47
14956.912 . . . . . . . . . . . . . 21.43 1.36
14983.770 . . . . . . . . . . . . . 14.90 1.40
14984.829 . . . . . . . . . . . . . 17.03 1.50
14987.835 . . . . . . . . . . . . . 29.57 1.28
15015.761 . . . . . . . . . . . . . 30.40 1.33
15135.149 . . . . . . . . . . . . . −0.70 1.42
15164.109 . . . . . . . . . . . . . 0.53 1.34
15172.146 . . . . . . . . . . . . . 0.00 1.45
15173.095 . . . . . . . . . . . . . −4.48 1.47
15188.103 . . . . . . . . . . . . . −2.29 1.42
15232.135 . . . . . . . . . . . . . −20.55 1.49
15252.034 . . . . . . . . . . . . . −30.59 1.53

TABLE 5

RADIAL VELOCITIES FOR HD 181342

JD−2,440,000
RV

(m s�1)
Uncertainty
(m s�1)

14339.768 . . . . . . . . . . . . . 2.69 1.28
14399.741 . . . . . . . . . . . . . 0.00 1.33
14634.063 . . . . . . . . . . . . . −77.87 1.43
14641.000 . . . . . . . . . . . . . −81.00 1.44
14674.973 . . . . . . . . . . . . . −91.85 1.32
14808.687 . . . . . . . . . . . . . −66.72 1.50
14957.027 . . . . . . . . . . . . . 8.89 1.28
14964.119 . . . . . . . . . . . . . 10.11 1.29
14984.083 . . . . . . . . . . . . . 21.20 1.31
14985.112 . . . . . . . . . . . . . 21.37 1.35
15015.014 . . . . . . . . . . . . . 9.33 1.22
15016.963 . . . . . . . . . . . . . 11.24 1.41
15026.967 . . . . . . . . . . . . . 7.63 1.38
15042.963 . . . . . . . . . . . . . −1.18 1.38
15109.749 . . . . . . . . . . . . . −27.32 1.34
15135.743 . . . . . . . . . . . . . −22.92 1.38
15169.686 . . . . . . . . . . . . . −43.74 1.42
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5. SUMMARY AND DISCUSSION

We report the detection of seven new Jovian planets orbit-
ing evolved stars. These detections come from the sample
of subgiants that we are monitoring at Lick and Keck Ob-
servatories. The host stars have masses in the range 1:15

M⊙ to 1:9 M⊙, radii 3:4 ≤ R⋆=R⊙ ≤ 6:1, and metallicities
�0:21 ≤ ½Fe=H� ≤ þ0:26. Five of the host stars have masses
M⋆ > 1:5 M⊙, and are therefore the evolved counterparts of
the A-type stars. We also derived a jitter estimate for our sample

of evolved stars and find that subgiants are typically stable to
within 5 ms�1. The observed jitter of subgiants makes them
uniquely stable Doppler targets among massive, evolved stars
(Fischer et al. 2003; Hekker et al. 2006).

TABLE 6

RADIAL VELOCITIES FOR HD 206610

JD−2,440,000
RV

(m s�1)
Uncertainty
(m s�1)

14313.980 . . . . . . . . . . . . . 22.85 1.48
14339.843 . . . . . . . . . . . . . 2.84 1.25
14399.759 . . . . . . . . . . . . . 0.00 1.48
14674.964 . . . . . . . . . . . . . 39.03 1.42
14717.919 . . . . . . . . . . . . . 54.16 1.20
14779.822 . . . . . . . . . . . . . 59.68 1.36
14790.746 . . . . . . . . . . . . . 52.55 1.42
14807.783 . . . . . . . . . . . . . 55.93 1.57
14956.102 . . . . . . . . . . . . . 11.16 1.28
14964.118 . . . . . . . . . . . . . 6.98 1.26
14984.082 . . . . . . . . . . . . . −5.90 1.27
14985.111 . . . . . . . . . . . . . 0.42 1.43
14986.113 . . . . . . . . . . . . . −1.17 1.27
15015.022 . . . . . . . . . . . . . −11.00 1.36
15015.956 . . . . . . . . . . . . . −8.62 1.37
15019.066 . . . . . . . . . . . . . −1.59 1.47
15029.011 . . . . . . . . . . . . . 3.61 1.46
15043.058 . . . . . . . . . . . . . −10.34 1.31
15077.058 . . . . . . . . . . . . . −13.95 1.40
15083.055 . . . . . . . . . . . . . −13.70 1.41
15135.761 . . . . . . . . . . . . . −23.43 1.13
15169.700 . . . . . . . . . . . . . −25.24 1.46
15187.696 . . . . . . . . . . . . . −7.58 1.50
15188.691 . . . . . . . . . . . . . −15.51 1.40

TABLE 7

RADIAL VELOCITIES FOR HD 180902

JD−2,440,000
RV

(m s�1)
Uncertainty

(m s�1)

14339.767 . . . . . . . . . . . . 40.51 1.17
14399.740 . . . . . . . . . . . . 19.80 1.37
14634.062 . . . . . . . . . . . . −4.44 1.37
14640.998 . . . . . . . . . . . . −14.25 1.59
14674.972 . . . . . . . . . . . . 5.16 1.51
14808.686 . . . . . . . . . . . . 37.39 1.56
14957.026 . . . . . . . . . . . . 0.00 1.44
15015.013 . . . . . . . . . . . . −15.62 1.39
15026.965 . . . . . . . . . . . . −23.67 1.33
15109.748 . . . . . . . . . . . . −11.60 1.45
15135.741 . . . . . . . . . . . . −1.92 1.33
15169.685 . . . . . . . . . . . . 14.50 1.51

TABLE 8

RADIAL VELOCITIES FOR HD 136418

JD−2,440,000
RV

(m s�1)
Uncertainty
(m s�1)

14216.954 . . . . . . . . . . . . . 25.79 1.27
14345.803 . . . . . . . . . . . . . 27.56 1.50
14549.041 . . . . . . . . . . . . . −23.63 1.97
14637.956 . . . . . . . . . . . . . 0.03 1.26
14674.797 . . . . . . . . . . . . . 0.00 1.32
14839.165 . . . . . . . . . . . . . 0.97 1.21
14927.948 . . . . . . . . . . . . . −40.01 1.66
14955.930 . . . . . . . . . . . . . −39.28 1.38
15014.866 . . . . . . . . . . . . . −43.17 1.21
15016.982 . . . . . . . . . . . . . −37.15 1.13
15028.959 . . . . . . . . . . . . . −31.44 0.96
15041.838 . . . . . . . . . . . . . −31.07 1.26
15042.875 . . . . . . . . . . . . . −32.70 1.33
15082.729 . . . . . . . . . . . . . −28.68 1.46
15106.719 . . . . . . . . . . . . . −13.60 1.43
15111.702 . . . . . . . . . . . . . −2.58 1.49
15188.168 . . . . . . . . . . . . . 44.27 1.27
15189.147 . . . . . . . . . . . . . 31.37 1.37
15192.148 . . . . . . . . . . . . . 43.12 1.31
15197.173 . . . . . . . . . . . . . 41.88 0.99
15231.100 . . . . . . . . . . . . . 38.97 1.41
15232.083 . . . . . . . . . . . . . 40.97 1.32
15252.046 . . . . . . . . . . . . . 30.85 1.26
15256.997 . . . . . . . . . . . . . 34.86 1.34

TABLE 9

RADIAL VELOCITIES FOR HD 212771

JD−2,440,000
RV

(m s�1)
Uncertainty
(m s�1)

14339.830 . . . . . . . . . . . . . −20.86 2.03
14399.773 . . . . . . . . . . . . . 9.64 1.79
14456.785 . . . . . . . . . . . . . 45.09 1.68
14675.025 . . . . . . . . . . . . . −13.62 1.77
14807.780 . . . . . . . . . . . . . 38.82 1.84
14964.124 . . . . . . . . . . . . . 49.23 2.70
14984.088 . . . . . . . . . . . . . 34.58 2.51
14985.116 . . . . . . . . . . . . . 20.73 2.62
14986.117 . . . . . . . . . . . . . 29.29 2.77
15015.023 . . . . . . . . . . . . . −10.59 2.63
15016.078 . . . . . . . . . . . . . −13.55 1.63
15019.080 . . . . . . . . . . . . . −6.43 1.88
15027.008 . . . . . . . . . . . . . −8.30 1.80
15043.060 . . . . . . . . . . . . . −17.15 1.96
15076.073 . . . . . . . . . . . . . −34.91 1.91
15083.064 . . . . . . . . . . . . . −21.87 1.74
15134.930 . . . . . . . . . . . . . 0.00 1.74
15135.765 . . . . . . . . . . . . . −8.56 1.52
15169.702 . . . . . . . . . . . . . 16.03 1.77
15188.695 . . . . . . . . . . . . . 44.57 1.77
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Bowler et al. (2010) found that the minimum masses and semi-
major axes of planets around A stars are very different from
those of planets around FGK stars. Their findings suggest that
the formation and migration mechanisms of planets change
dramatically with increasing stellar mass. The planets reported
in this work strengthen that conclusion. The five new planets
we have discovered around stars with M⋆ > 1:5 M⊙ all orbit
beyond 1 AU and have minimum masses MP sin i > 1 MJup.
These properties contrast with those of planets orbiting less-
massive stars, which have a nearly flat distribution in log a, from
a ¼ 0:05 AU to a ¼ 1 AU (Cumming et al. 2008), and a stee-
ply rising mass function with d lnN=d lnMP ¼ �1:4. Success-
ful theories of the origin and orbital evolution of giant planets
will need to account for the discontinuity between the distribu-
tions of orbital parameters for planets around Sun-like and
A-type stars (Kennedy & Kenyon 2008; Currie 2009; Kretke
et al. 2009).

The abundance of super Jupiters (MP sin i > 1 MJup) de-
tected around massive stars bodes well for future direct-imaging
surveys. In addition to harboring the massive planets that are
predicted to be the most easily detectable in high-contrast
images, A-type dwarfs have the added benefit of being naturally
young. A 2 M⊙ star has a main-sequence lifetime of only
∼1 Gyr, which means that Jovian planets in wide orbits will
be young and thermally bright. Three of the planets in Table 10
show linear velocity trends indicative of additional long-period
companions. These linear trends provide clear markers of mas-

sive objects in wide orbits around nearby stars, and therefore
warrant additional scrutiny from RV monitoring and high-
contrast imaging.
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