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ABSTRACT

We derive detailed theoretical models for 1074 nearby stars from the SPOCS (Spectroscopic Properties of Cool
Stars) Catalog. The California and Carnegie Planet Search has obtained high-quality (R ~ 70,000-90,000,
S/N =~ 300-500) echelle spectra of over 1000 nearby stars taken with the Hamilton spectrograph at Lick Observatory,
the HIRES spectrograph at Keck, and UCLES at the Anglo Australian Observatory. A uniform analysis of the high-
resolution spectra has yielded precise stellar parameters (7, log g, v sin i, [M/H], and individual elemental abun-
dances for Fe, Ni, Si, Na, and Ti), enabling systematic error analyses and accurate theoretical stellar modeling. We
have created a large database of theoretical stellar evolution tracks using the Yale Stellar Evolution Code (YREC) to
match the observed parameters of the SPOCS stars. Our very dense grids of evolutionary tracks eliminate the need
for interpolation between stellar evolutionary tracks and allow precise determinations of physical stellar parameters
(mass, age, radius, size and mass of the convective zone, surface gravity, etc.). Combining our stellar models with the
observed stellar atmospheric parameters and uncertainties, we compute the likelihood for each set of stellar model
parameters separated by uniform time steps along the stellar evolutionary tracks. The computed likelihoods are used for
a Bayesian analysis to derive posterior probability distribution functions for the physical stellar parameters of in-
terest. We provide a catalog of physical parameters for 1074 stars that are based on a uniform set of high-quality spec-
tral observations, a uniform spectral reduction procedure, and a uniform set of stellar evolutionary models. We explore
this catalog for various possible correlations between stellar and planetary properties, which may help constrain the for-
mation and dynamical histories of other planetary systems.

Subject headings: planetary systems — stars: fundamental parameters — stars: interiors

Online material: color figures, machine-readable table

1. INTRODUCTION

Precise analysis of high-resolution spectra of stellar atmo-
sphere and theoretical calculations of the physical properties of
low-mass stars are essential for a variety of astronomical problems.
Many previous works have focused on stellar abundance analyses
and stellar age determinations to understand the chemical and
dynamical history of the Galactic disk. Since the benchmark
work by Edvardsson et al. (1993a) there have been a number of
large observational surveys to obtain a true age—metallicity rela-
tionship in the solar neighborhood (Feltzing et al. 2001; Ibukiyama
& Arimoto 2002; Nordstrom et al. 2004).

There has also been a recently growing interest in the properties
of stars with planetary companions. Extensive Doppler radial-
velocity surveys using high-resolution spectroscopy and large tran-
sit programs have made tremendous progress in the past decade and
garnered nearly 200 extrasolar planets to date. The distributions of
observed planetary properties are of great importance for testing
theories of planet formation and dynamics (Eggenberger et al.
2004; Marcy et al. 2005a). The extensive spectroscopic observa-
tions in searches for planets have also revealed statistical differ-
ences between the planet-host stars and the normal dwarf stars
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with no companions. It is now well established that the fre-
quency of the giant planets with orbital period <3 yr is a strong
function of the stellar metallicity for solar-type stars. Conse-
quently, the planet-host stars exhibit a different metallicity distri-
bution from that of single stars (Santos et al. 2004, 2005; Fischer
& Valenti 2005). The stellar atmosphere pollution by planet ac-
cretion has been proposed as one of the possible metal enrichment
scenarios, and it has been tested by observations and theoretical
models (Gonzalez 1997; Laughlin & Adams 1997; Sandquist
et al. 1998; Pinsonneault et al. 2001). The efficiency of metal-
licity enhancement by planet accretion is still under debate, but
the models require an accurate knowledge of the mass of the
stellar convective zone. Deriving accurate distributions of stellar
metallicity, age, and convective zone size from a large sample of
observations is useful for better understanding the origin of the
metal-rich atmospheres of planet-host stars.

Theoretical models of planet-host stars are also relevant to the
dynamical studies of planetary systems. A motivational work for
this paper was done by Ford et al. (1999, hereafter FRS99), who
provided models for five stars with known “hot Jupiters” to
estimate the orbital decay timescales for these systems. Specif-
ically, they constrained the models of tidal dissipation and spin-
orbit coupling in those systems using the estimated convective
envelope masses and stellar ages. Age estimates of planetary sys-
tems also help constraining long-term perturbations on planets.
For example, if a planet resides in a wide stellar binary system,
the planetary orbit may undergo secular evolution, on a time-
scale as large as ~1 Gyr or even longer (Holman et al. 1997;
Michtchenko & Malhotra 2004; Takeda & Rasio 2005; Mudryk
& Wu 2006). Estimates of the age and the physical properties of
the host star can thus help constrain the dynamical history and
the formation channel of the system.
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Despite the recent improvements in high-resolution spectros-
copy and data analysis techniques, providing accurate stellar
parameters is not a straightforward task, even for bright stars in
the solar neighborhood. Currently, there is no canonical method
within data analysis or theoretical modeling to estimate the stel-
lar properties. Various approaches have been applied, particu-
larly for stellar age determinations. The observed stellar rotation
may be a good age indicator, since stars normally slow down as
they age. Chromospheric activities measured from the Can H and
K absorption lines are the favored rotation measure and therefore
are often used as a stellar age indicator (Wilson 1970; Baliunas
etal. 1995, 1997; Henry etal. 1997, 2000a; Rocha-Pinto & Maciel
1998). The stellar age can also be constrained by the surface
lithium depletion (Soderblom 1983; Boesgaard 1991), although
it needs to be treated with extra caution for planet-host stars as
close-in planets may tidally affect the stellar convective envelope
and thus cause further lithium depletion (Israclian et al. 2004).
The merits and challenges of different techniques have been well
summarized by Saffe et al. (2005). They have carefully derived the
ages of 50 extrasolar planet host stars observed from the southern
hemisphere and tested several different age determination schemes
for comparisons.

In this paper, we derive various stellar properties by matching
the spectroscopically determined surface parameters to theoretical
stellar evolution models. This approach is similar to the traditional
isochrone method. In the isochrone method, the observed My and
B — T are placed in the H-R diagram, then the stellar ages are
derived by interpolating the observed position between the theo-
retically computed isochrones ( Twarog 1980; Vandenberg 1985;
Edvardsson et al. 1993a; Bertelli et al. 1994; Ng & Bertelli 1998;
Lachaume et al. 1999; Ibukiyama & Arimoto 2002; Nordstrom
et al. 2004; Pont & Eyer 2004; Jorgensen & Lindegren 2005;
Karatag et al. 2005). Equivalently, stellar ages can be derived by
interpolating the observations between theoretically computed
stellar evolutionary tracks. Isochrone or evolutionary track anal-
ysis is becoming increasingly accurate relative to other methods
such as age—activity relations or age—abundance relations, given
the availability of advanced high-resolution echelle spectrographs,
sophisticated stellar evolutionary codes, and increased compu-
tational power. Theoretical evolutionary models also have an ad-
vantage in that one can create a full model of a star, providing not
just the stellar age but all the physical parameters, including those
characterizing the stellar interior.

Note that the traditional spectral data analysis using theoretical
stellar evolutionary tracks (or equivalently, isochrones) involves
many sources of systematic bias. Here we summarize the main
steps in the theoretical modeling together with the necessary
precautions:

The observed sample—A substantial number of sample stars
are required to obtain meaningful stellar parameter distributions.
The benchmark work by Edvardsson et al. (1993a) provided
chemical abundances of 189 nearby field dwarfs. Today, typical
solar neighborhood surveys include ~1000 to ~10,000 stars
(Ibukiyama & Arimoto 2002; Nordstrom et al. 2004). As the
sample size becomes less of a problem, however, the sample se-
lection remains crucial for understanding the global statistics of
the stellar properties. Unfortunately, any survey is limited by its
own selection criteria, and in practice any sample has some se-
lection effects. The resultant observed statistics need to be analyzed
very carefully to separate the selection effects from the true stellar
properties. Nordstrom et al. (2004) have done careful studies on the
completeness of their sample stars, in terms of binarity, magni-
tude, sampling volume, and other stellar parameters.
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For this work, we have used the spectroscopic data from the
SPOCS (Spectroscopic Properties of Cool Stars) catalog by Valenti
& Fischer (2005, hereafter VF05). SPOCS consists of high-
resolution echelle spectra of over 1000 nearby F-, G-, and K-type
stars obtained through the Keck, Lick, and Anglo-Australian
Telescope (AAT) planet search programs, including the 99 stars
with known planetary companions. The sampling criteria for the
SPOCS catalog are such that the achievable Doppler velocity
precision is optimized for planet detections. Thus, the catalog
favors stars that are bright and chromospherically inactive (or
slow-rotating) on the main-sequence or subgiant branch. A sub-
set of the catalog can be used for completeness studies in terms of
sampling volume or the presence of planetary companions.

Spectral data analysis.— Currently, there is no standardized
technique for analyzing high-resolution spectra. In the traditional
abundance analysis approach, different radiative transfer and stel-
lar atmosphere models produce different types of errors. Apart
from the choice of model, microturbulence needs to be carefully
adjusted to match the equivalent width of the spectrum, and also
macroturbulence, stellar rotation, and instrumental profile need to
be taken into account for the spectral line broadening effects. All
these factors may induce systematic biases in the derived model
parameters.

In contrast to the traditional abundance analysis method, VF05
directly fit the observed spectrum to the synthetic spectrum gen-
erated by a software package SME (Spectroscopy Made Easy;
Valenti & Piskunov 1996), allowing for a self-consistent error
analysis. Using SME, VFO05 have derived a set of observational
stellar parameters my, T, [ Fe/H], and log g for each star, along
with precise error estimates. The spectral analysis techniques
adopted for the SPOCS catalog are summarized in § 2. For more
details on the observations and SME pipelines, see Valenti &
Fischer (2005).

Model parameter estimate—Pont & Eyer (2004) have thor-
oughly analyzed the systematic biases induced by the traditional
maximum likelihood approach using theoretical isochrones,
which simply interpolates the nearest isochrones to the observa-
tional data point in the H-R diagram. The simple isochrone in-
terpolation approach accounts for neither the highly nonlinear
mapping of time onto the H-R diagram nor the nonuniform mass
and metallicity distributions of the stars in the galactic disk. Con-
sequently, the derived age distribution is biased toward an older
age compared to the real distribution. To avoid this bias, one needs
to account for the a priori distribution functions of stellar param-
eters. For instance, the longer main-sequence timescale of lower
mass stars results in a smaller likelihood of observing low-mass
post—main-sequence stars relative to higher mass stars. Bayesian
probability theory including physically motivated prior distribu-
tion functions has been demonstrated to be an effective means of
determining unbiased ages of stars in the solar neighborhood (Ng
& Bertelli 1998; Lachaume et al. 1999; Jorgensen & Lindegren
2005).

To model the SPOCS stars, we have constructed large and fine
grids of theoretical stellar evolutionary tracks, computed with
the Yale stellar evolution code (YREC). With YREC, the phys-
ical structure of the star can be calculated for each snapshot in
time. Our procedure for evolutionary track calculations with YREC
are described in detail in § 3.1. Tracks have been computed for
more than 250,000 stars with slightly different initial conditions
in mass, metallicity, and helium abundances (see § 3.2 for the full
description of the grids of stellar tracks). The high resolution of
the grids in time (1 Myr) can apply accurate weighting for the
accelerating evolutionary phases from the main sequence to
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post—main sequence. Each of the stellar models from each of
the stellar evolutionary tracks is then assigned to a cell in a four-
dimensional grid of observable stellar parameters to increase the
computational efficiency. Subsequently, posterior probability
distribution functions (PDFs) are derived for each stellar pa-
rameter, in the framework of the Bayesian probability theory
account (§ 3.3).

PDF error estimate—A calculated PDF is normally sum-
marized by a single value for the best estimate and/or a credible
interval. However, the choice of the best-fit value and the as-
sociated credible interval is often rather arbitrary. There are at
least three choices of statistical values commonly used to sum-
marize the PDF: the mean, median, and mode. Since derived
PDFs are not necessarily unimodal, let alone normal distributions,
a single summary statistic will not always be sufficient to accu-
rately describe the posterior PDF. Thorough analyses of accu-
rate parameter representations have been done by Jorgensen &
Lindegren (2005) with extensive Monte Carlo simulations. They
have introduced the notion of “well-defined” age to distinguish
the derived parameters whose posterior PDF have a well-defined
peak within the given parameter range. The same notation is
adopted by Nordstrom et al. (2004) to derive the ages for more
than 10,000 stars from the Geneva-Copenhagen survey. We have
carefully presented all the necessary information from the calcu-
lated PDFs, applying a similar notation to that by Jergensen &
Lindegren (2005). We will discuss the details of parameter esti-
mates in § 3.4.1.

This paper is organized as follows. In § 2, we briefly describe
the stellar sample, observations, data reduction, and spectrum syn-
thesis procedures. In § 3, we describe the stellar evolution code
(§3.1), construction of grids of stellar evolutionary tracks (§ 3.2),
the calculation of derived stellar parameters in the Bayesian
framework (§ 3.3), and the error analysis for these parameters
(§ 3.4). The derived stellar properties and the parameter distri-
butions for the SPOCS catalog stars are presented in § 4. The
newly determined stellar properties of five planet-host stars
previously modeled by FRS99 are presented in § 5.1. In § 5.2,
we select five planet-host stars with particularly interesting stel-
lar or planetary properties and discuss the derived models for these
stars. The overall stellar parameter distributions are further ana-
lyzed in § 5.3, for parameter correlations and constraints on vari-
ous dynamical formation scenarios for extrasolar planets.

2. THE SPECTRAL ANALYSIS TECHNIQUE

VFO05 have carried out a uniform spectroscopic analysis of
1944 spectra for a sample of 1140 FGK stars in planet search
programs at Keck Observatory, Lick Observatory, and the AAT.
The stars for these surveys are selected to optimize the achievable
Doppler velocity precision and favor bright, chromospherically
inactive, main-sequence, or subgiant stars (My > 3.0, V' < 8.5,
and B — V > 0.5). Known stellar binaries with separations less
than 2" were rejected because the presence of a close stellar com-
panion complicates the Doppler analysis.

A detailed description of the methodology and an assessment
of random and systematic errors is provided in VF05. The spec-
tral synthesis modeling program SME ( VF05; Valenti & Piskunov
1996) assumes local thermodynamic equilibrium and drives a ra-
diative transfer code using Kurucz stellar atmosphere models
(Kurucz 1993) and atomic line data (Vienna Atomic Line Data-
base [ VALD]; Kupka et al. 1999; Ryabchikova et al. 1999) to
create a synthetic spectrum. The code employs a nonlinear least-
squares Marquardt fitting algorithm to vary free parameters (7e,
log g, vsin i, and abundances) in order to best match continuum
and spectral line profiles in selected wavelength regions of an
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observed spectrum. With each Marquardt iteration, the SME pro-
gram interpolates over a grid of 8000 Kurucz stellar atmosphere
models before generating a new synthetic spectrum. Most of the
SME analysis was made for wavelengths between 6000 and
6200 A to minimize problems with line blending. An additional
wavelength segment 5175-5190 A was included to leverage the
gravity sensitivity of the Mg 1 b triplet lines.

As discussed in VFO05, the 1 ¢ uncertainties in the spectral
modeling correspond to about +44 K for 7.y, +0.06 dex for
log g, +0.03 dex for abundances, and +0.5 km s~! for vsini. A
number of researchers have carried out spectroscopic analyses
for smaller subsets of stars in common with the VF05 sample.
Effective temperatures and abundances show excellent agree-
ment with these published results, however, small systematic offsets
are seen. Comparisons of log g values show larger rms scatter but
generally agree within quoted (~0.15 dex) uncertainties. While
different spectroscopic analyses show reasonable agreement, the
non-negligible systematic offsets demonstrate that spectroscopic
results from different investigators should be combined with cau-
tion, particularly when looking for subtle correlations or trends.
This large homogeneously analyzed sample is ideal for compari-
sons to the stellar evolutionary models here.

3. METHODS
3.1. Yale Stellar Evolution Code

We use the Yale Rotational Evolution Code (YREC) in its
nonrotating mode® to calculate stellar models. YREC is a Henyey
code that solves the equations of stellar structure in one dimen-
sion (Guenther et al. 1992). The chemical composition of each shell
is updated separately using the nuclear reaction rates of Gruzinov &
Bahcall (1998). The initial chemical mixture is the solar mixture of
Grevesse et al. (1993) scaled to match the metallicity of the star
being modeled. Gravitational settling of helium and heavy ele-
ments is not included in these models. For regions of the star that
are hotter than log 7(K) > 6, we use the OPAL equation of state
(Rogers et al. 1996). For regions in which log 7(K) < 5.5, we
use the equation of state from Saumon et al. (1995), which calcu-
lates particle densities for hydrogen and helium including partial
dissociation and ionization by both pressure and temperature. In
the transition region between these two temperatures, both for-
mulations are weighted with a ramp function and averaged. The
equation of state includes both radiation pressure and electron
degeneracy pressure. We use the OPAL opacities (Iglesias &
Rogers 1996) for the interior of the star down to temperatures of
log T(K) = 4. For lower temperatures, we use the low-temperature
opacities of Alexander & Ferguson (1994). For the surface bound-
ary condition, we use the stellar atmosphere models of Allard &
Hauschildt (1995), which include molecular effects. We use the
standard B6hm-Vitense mixing length theory (Cox & Giuli 1968;
Bohm-Vitense 1958) with o = 1.7161. This value of o, as well
as the solar hydrogen abundance, X, = 0.70785, is obtained by
calibrating models against observations of the solar radius
(6.9598 x 10'° ¢cm) and luminosity (3.8515 x 1033 ergs s~!) at
the present age of the Sun (4.57 Gyr).

3.2. Constructing the Grids of Stellar Evolutionary Tracks

Our grids consist of 262,400 theoretical stellar evolutionary
tracks, separated by small intervals of mass and metallicity. In

© Rotating stellar models may be constructed for a future paper. However,
neglecting rotation here is both useful and justified, given the increase in parameter
space (initial rotation rate, spin-down criteria, etc.) and the small effects of normal
rotation (typically less than a few percent in luminosity, effective temperature, and
age; see Sills et al. 2000).
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TABLE 1
RESOLUTION OF THE STELLAR MODEL GRID

X Range AX
MASS ..ot 0.5-2.0 M, 0.001 M,
[Fe/H] . —1.0-0.6 dex 0.04 dex
dYldz ... 0.0, 1.5,2.5,3.5
AL 0.0-14.0 Gyr 20 Myr (M < 1.0 M)

1 Myr (M > 1.0 M)

this section, we describe the iteration method we have adopted to
construct these grids of model tracks.

First, we have constructed models of pre—main-sequence (PMS)
stars with masses ranging from 0.5 to 2.0 M, for every 0.1 M.
These PMS stars are modeled by solving the Lane-Emden
equation for a polytrope of index n = 1.5. Each star in the grids
has evolved from a polytrope with the mass closest to the de-
sired value. Since our grids have much finer mass bins (dM =
0.001 M) and a wide range of metallicity (from —1.0 to +0.60 dex
in [Fe/H]), we first rescaled the selected polytrope to the desired
values of mass and composition (X, ¥, and Z), then numerically
relaxed it. After these parameters are rescaled, the star begins its
PMS evolution through the zero-age main sequence (ZAMS)
into the main sequence (MS) and subsequent evolutionary stage.
The tracks through the PMS phase up to the ZAMS are not in-
cluded in our modeling, since the SPOCS catalog would reject
such young stars on the basis of strong Ca H and K emission.

Using YREC we calculate all the model parameters of interest
(L, Teir, log g, R, and so on) for each snapshot of the evolutionary
sequence, starting from the ZAMS, until either (1) 14 Gyr is
reached or (2) the end of the subgiant branch (beginning of the
red-giant phase), whichever comes first. Table 1 describes the
sets of initial stellar parameters from which stars are evolved. We
vary the mass from 0.5 to 2.0 M, for every 0.001 M., and [Fe/H]
from —1.0 to 0.6 dex for every 0.04 dex. YREC takes the com-
positional mass fractions {X, ¥, Z} as input, thus the iron abun-
dance is converted into the mass ratio of heavier elements, Z, as
Z = Zo x 100FH] ysing the assumed solar value Z., = 0.0188
(Grevesse et al. 1993). For the helium abundance Y, the previous
work by Ford et al. (1999) adopted the canonical linear relation
between the abundances of helium and heavier elements (Pagel
etal. 1992; Bressan et al. 1994; Edvardsson et al. 1993a, 1993b),

Y Y-Y, 0
62 Z-7,"

applying the solar helium abundance of Y, = 0.27335. We have
also adopted the linear correlation between Yand Z, varying the
values to be §Y/6Z = 0.0, 1.5, 2.5, and 3.5, assuming a uniform
prior distribution of §Y/6Z.

YREC solves a set of linearized equations using adaptive time
steps 67, which are consecutively determined from a number of
criteria. While YREC uses adaptive time steps to evolve the stel-
lar models, we have interpolated all the evolutionary tracks to
uniform time steps so as to properly account for the likelihood of
observing a star at a given point in its evolution. Specifically, we
have adopted A7 = 20 Myr for the stars with M < 1.0 M, and
A1 =1 Myr for the stars with 1.0 My < M < 2.0 M. The
finer time resolution for the stars with higher mass is justified as
follows. In the H-R diagram, an evolutionary track of a star with
a mass larger than ~1.2 M, has a sharp hook at the turnoff from
the main-sequence track when the convective core contracts sharply
due to the flat hydrogen profile at core hydrogen exhaustion (see

3.8 3.7 3.6
log(T/K)

Fic. 1.—Sample stellar evolutionary tracks with the solar metallicity
(X =~ 0.71,Z = 0.02) computed with YREC. Here 99 stars with known planetary
companions ( filled circles) and 975 stars with no detected planetary companions
(open circles) are overlaid. The thin solid lines with crosses are the theoretical
evolutionary tracks of stars for every 0.1 M, from 0.5 to 2.0 M,,,. Stars with M <
1.0 M., here do not reach the post—main-sequence phase within 14 Gyr. Each
cross on the tracks is separated by 20 Myr. Note that the evolutionary sequence
accelerates in the post—main-sequence evolution, corresponding to the Hertz-
sprung gap. The thick solid line represents the location of the ZAMS stars. The
diagram represents only a small part of our grid of evolutionary tracks, which en-
compasses much wider ranges of T, L, [Fe/H], densely covered by the tracks
that evolved from different initial conditions. [See the electronic edition of the
Supplement for a color version of this figure.)

Fig. 1). To account for this sharply nonmonotonic behavior, a
greater resolution of time is required for the stars with larger
masses. When computing posterior PDFs, we weight each model
by inverse of the time step, so as to account for the difference in
the interpolated time step and to maintain the uniform prior dis-
tribution in age (see § 3.3).

3.3. Bayesian Analysis

To explore quantitatively the observational constraints on the
stellar parameters, we employ the techniques of Bayesian infer-
ence. Our approach closely follows that of Pont & Eyer (2004)
but we have generalized their methods as described below. Most
notably, we (1) include observational measurements of the sur-
face gravity; (2) take into account the correlations between the
derived values of the stellar metal abundance, surface gravity, and
effective temperature; and (3) compute a dense set of stellar models
that eliminates the need for interpolation between stellar tracks.

In the Bayesian framework, the model parameters are treated
as random variables that can be constrained by the actual obser-
vations. Therefore, to perform a Bayesian analysis, it is neces-
sary to specify both the likelihood (the probability of making a
certain observation given a particular set of model parameters) and
the prior (the a priori probability distribution for the model pa-
rameters). Let us denote the model parameters by 6 and the actual
observational data by d, so that the joint probability distribution
for the observational data and the model parameters is given by

p(d,0) = p(0)p(d|0) = p(d)p(0l|d), (2)
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where we have expanded the joint probability distribution in two
ways and both are expressed as the product of a conditional
probability distribution [ p(d|@) or p(6|d )] and a marginalized prob-
ability distribution [ p(f) or p(d)]. A marginalized probability
distribution can be calculated by simply integrating the joint
probability distribution over all but one of the variables [e.g.,
p(®) = [ dép(d., ).

Often the model parameters contain one or more parameters of
particular interest (e.g., the stellar mass, radius, and age) and other
“nuisance parameters” that are necessary to adequately describe the
observations but that we are not particularly interested in measuring
for their own sake (e.g., the distance, helium abundance).

We assume that the function mapping the stellar models to the
observational data is a surjection or “onto function,” meaning
that we assume that our domain of stellar models includes at least
one model that would result in any possible set of true values of
the observable stellar parameters. We use Bayes’s theorem to cal-
culate posterior probability distributions for the model parameters,
as well as other physical quantities derived from the stellar models.

Ideally, we would employ a hierarchical Bayesian analysis
that could also incorporate the uncertainties in the theoretical
models (e.g., choice of equation of state, opacity tables, treat-
ment of convection, etc.), so as to estimate the uncertainties in
physical parameters even more accurately. Unfortunately, this is
not yet computationally practical. While we have attempted to
minimize such complications (at least for comparisons between
stars in our sample) by making use of a single set of state-of-the-
art stellar models and the largest available uniform set of high-
quality spectroscopic observations and determinations of stellar
atmospheric parameters, we acknowledge that our uncertainty
estimates may not fully account for the systematic difference
between different stellar evolutionary codes.

3.3.1. Priors

We assume a prior of the form p(M,7,D,X,Y.Z)=
p(M)p(T)p(D)p(X,Y,Z). Thus, the priors for the mass, age,
and distance are independent of each other as well as the
chemical composition. However, the hydrogen, helium, and
metal abundances are correlated. If we write p(X,Y,Z) =
p()p(Y|Z)p(X|Y,Z), then the logical constraint that X + Y+
Z =1, implies that p(X|Y,Z) = 6(1 — Y — Z), where ¢ is the
Dirac delta function. Given the observational difficulties in mea-
suring Y for main-sequence stars, we base the helium abundance
on the metallicity using an assumed value of Y/6Z. Thus, we as-
sume p(Y|Z) = 8[Y — Yo — (Z — Z5)6Y/6Z]. While chemical
abundance studies of a variety of stellar populations suggest
O0Y/16Z ~ 2.5 (see § 3.2), we employ a hierarchical model in which
we assume a prior for §Y/6Z ~ UJ0, 3.5]. We write the prior for
the metal fraction in terms of the surface metallicity, Z =
Zcho([Fe/H]f[Fe/H]@).

Since the SPOCS catalog is intentionally biased toward high
metallicities, we have chosen to adopt a uniform prior for the
metallicity, p([Fe/H]) ~ U[—1.0,0.6], instead of using an em-
pirical distribution for stars in the solar neighborhood. We im-
plicitly assume that the abundance of all metals is proportional
to the iron abundance. Thus, our prior can be written as
p(M, 7, [Fe/H], D).

For the prior for stellar mass, we use a truncated power law
based on empirical estimates of the IMF, p(M) ~ M~23% for
0.5 My = Myin < M < My, = 2.0 M. Fortunately, the ob-
servations typically provide a tight enough constraint on the
stellar mass that the results are relatively insensitive to the exact
form of the mass prior. Since we impose sharp upper and lower
cutoffs on the prior for the stellar mass, we are able to compute an
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extremely dense grid of stellar evolution tracks for relatively
small range of stellar masses. The choice of the upper and lower
limits is based on the selection criteria for the VF05 sample that
we analyze in this paper. While our models and methods can be
applied to other observations, the current set of stellar evolution
tracks is limited to stars that are almost certainly between My,
and M pax.

We adopt a prior that is uniform in stellar age, p(7) = 1/Tiax
for 0 yr <t < tmax = 14 Gyr. This choice represents the max-
imum entropy prior satisfying the obvious logical criterion that
all stars have a positive age that is less than the age of the
universe from cosmological observations (Spergel et al. 2003).
Since determining stellar ages is notoriously difficult and the
interpretation of the ages of a population of stars is subtle (e.g.,
Pont & Eyer 2004), we intentionally avoid incorporating prior
observational or theoretical notions about the star formation
history of the solar neighborhood. Indeed, we believe that this
work has the potential to shed light on the history of star for-
mation in the solar neighborhood, based on the combination of a
large uniform sample of stellar atmospheric parameters deter-
mined with high-resolution spectroscopy, a large, dense set of
stellar evolutionary tracks, and our use of Bayesian inference.
Note that this choice would be optimal for a stellar population
that had a constant rate of star formation over 7,,,,. This is re-
assuring, since the observations are reasonably approximated by
a globally constant star formation rate for the galactic disk.

For the prior distribution of stellar distances, we assume a
uniform density, p(D) ~ D?, for 1 pc = Dpin < D < Dpax =
10 kpe. The lower (upper) limit is intentionally chosen to be
sufficiently small (large) that they are clearly excluded by the
Hipparcos parallax measurements for all the stars that we ana-
lyze in this paper and hence do not affect the posterior proba-
bility distributions. The parallax is related to the distance by the
definition 7/arcsec = pc/D.

Note that the above priors can be thought of as implicitly
defining a set of priors for observables (e.g., parallax, luminosity,
effective temperature, and surface gravity) via the mapping pro-
vided by the stellar evolutionary models (see § 3.1). We em-
phasize that a uniform age prior maps into a very nonuniform
distribution in the observable quantities due to large changes in
the time derivatives of the observable quantities with stellar age.
Thus, we expect that our proper Bayesian treatment may result in
significantly different and statistically superior estimates of phys-
ical quantities when compared to traditional frequentist analyses.
Indeed, this is one of the primary motivations for our reanalysis of
the VF0S5 sample.

3.3.2. Likelihood

We regard the observed parallax as being normally distributed
about the actual parallax with a dispersion given by the standard
error reported in the Hipparcos catalog. In practice, the uncer-
tainty in the stellar luminosity is dominated by the uncertainty in
the parallax measurement, so the visual magnitude and bolometric
correction can be regarded as exact. Note that the combination of
parallax, visual magnitude, and bolometric correction place an
observational constraint on the stellar luminosity that is asym-
metric and has a positive skewness.

We assume that the observational uncertainties in the stellar
visual magnitude and parallax are independent of each other and
the derived atmospheric parameters. However, we do account for
the significant correlations between the derived effective temper-
ature, chemical composition, and surface gravity. We assume that
the stellar atmospheric parameters derived from spectroscopic
observations by VFO05 are distributed according to a multivariate
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normal distribution about their true values. Unfortunately, adopt-
ing a covariance matrix (C) based on the information matrix
evaluated at the best-fit set of stellar parameters leads to signif-
icantly underestimating the observational errors, as determined
by comparing analyses of the same star using multiple spectro-
scopic observations. This is due to the x? surface being very
“bumpy” and the curvature at any one local minima not re-
flecting the probability of the true solution being in another local
minima. Since VF05 have multiple observations of several stars
in their sample, they are able to compare the atmospheric param-
eters that they derive from multiple observations of the same star
to more accurately determine their measurement errors (see VF05).
We extend this approach to also determine the off-diagonal terms
of the covariance matrix based on 9 sets of the derived solar
atmospheric parameters (based on multiple observations of
Vesta). For each star, we scale each of the empirically determined
solar covariance terms by the standard error of both the relevant
parameters for the target star.
Thus, our likelihood function is

L(Va T, 10g Teff; [FG/H], 10g g)
= LH(Vv T, 10g Teffa [FC/H], 10g g)
XLS(Va , lOg Teﬁa [FG/H], log g)

_ 6(V — Vobs) (7T0bs - 107(V°"S7MV-mod)/5+1)2
- eno, 202
! Loos s T =138 S
x W P~ 5 (dObS a dmod) ¢ (dobs - dmod) )

(3)

where o, is the measurement uncertainty in the parallax, det (C)
is the determinant of the covariance matrix adopted for d=.,,
My mod = My mod(M, T, [Fe/H], 8Y/6Z) is the absolute magni-
tude in the 7 band from the model (that includes a bolometric
correction), and d5 ;= d5 (M, 7, [Fe/H],§Y/6Z) is the set of
log Texr, [Fe/H], and log g for the model of a star of mass M,
metallicity [Fe/H], age 7, and helium abundance implied by
6Y/6Z. Note that we have separated the likelihood into two
components, one that is a function of Vs and 7yps, and another

that is a function of the spectroscopic parameters, d>, .

3.3.3. Posterior

The posterior probability for a set of model parameters
(M, 7, [Fe/H], D) given the observational data d is given by

pM, T, [FC/H},6Y/5Z,D|V0bs,7robs,
10g Tetf,obs> [Fe/H}oby 10g gobs)

= [p(M7 7, [Fe/H], 8Y /6Z, D)L(Vops, Tobss
Teﬂ”@bm [Fe/H]obsa 10g gobs):l /

l/dVdﬂ'dTeffd[Fe/H]dlogg
x p(M,,[Fe/H],6Y/6Z,D)

< L(V,m, Tewr, [Fe/H], log g)] : (4)
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where the integral is formally over the entire range of possible
visual magnitudes, parallaxes, effective temperatures, metallici-
ties, and surface gravities. When there are multiple spectroscopic
observations of the same star, then the spectroscopic portion of the
likelihood, Ly, is replaced by a product of multiple Lg values, with
one Lg being evaluated with each of the observed sets of spec-
troscopic parameters.

Often, we are particularly interested in the posterior proba-
bility density marginalized over all but one of the model param-
eters. This can be easily calculated from the posterior probability
density by integrating over all but one of the model parameters.
For example, the marginal density for the stellar mass is given by

p(M| Vobss Tobss 10g Teff,obs; [Fe/H}obsv IOg gobs)
_ / dr d[Fe/H] d6Y /67 dD

xp(M, T, [Fe/H],8Y /6Z, D|Vobs, Tobss

10g Tefr obs; [Fe/H]Obs7 10g gobs)' (5)
We directly calculate the marginal posterior densities for the
stellar mass, age, and metallicity. We also calculate marginalized

posterior densities for derived physical quantities. For example,
the marginal posterior density for the stellar radius, R, is given by

p(R |Vobs; Tlobs » 10g Tet’f,obS7 [Fe/H}oby lOg gobs)
- / dM dr d[Fe/H] d5Y /62

xdD 8[R — Rmoa(M , 7, [Fe/H], 6Y /62))
xp(M, T, [Fe/H|,6Y /8Z, D|Vyps, Tobss
10g Teffﬁobsa [Fe/H]obsa lOg gobs)7 (6)

where Ryod(M, 7, [Fe/H], 6Y/6Z) is the radius of the stellar model
with mass M, age 7, metallicity [Fe/H], and helium abundance
implied by 6Y/6Z.

3.3.4. Numerical Methods

The main difficulty in performing Bayesian analyses is the dif-
ficulty of performing all the necessary integrals, particularly in
spaces with high dimensional parameters. Here we describe the
numerical methods we use to approximate the necessary integrals.

To numerically compute these marginal densities, we dis-
cretize the integrals in the standard way. So equation (6) becomes

P(Ry < R<Ry+ AR‘ Vabs, Tobs:
10g chf,obm [Fe/H}otﬂ? IOg gobs)
~ " p(M)AM; > p([Fe/H])A[Fe/H],
i J

oY oY
X p(fk)Atk p (— > A—
zk: zl: 6z i 6z 1

Y
xI|Ry < Rmod | M, i, [Fe/H]j,ﬁ <Ro+ AR
!

oY
Al
10g TeffﬁobSa [Fe/H}0b57 lOg gobs)7 (7)

Xp(M7Tka[Fe/H} 7D|V0bsaﬂ-ob57

where AM; is the spacing between the ith and (i + 1)th stellar
mass in our grid of stellar models, A[Fe/H]; is the spacing be-
tween the jth and (j+ 1)th metallicity in our grid of stellar
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models, A(6Y/6Z), is the spacing between the /th and (/ + 1)th
value of 6Y/6Z in our grid of stellar models, and A7y is the
spacing between the kth and (k 4 1)th age is the spacing of the
outputs in the stellar track with mass M; and metallicity [Fe/H] .
The indicator function /(Ry < R < Ry + AR) is defined to be 1
if Ry < R < Ry + AR and 0 otherwise. For values of the various
spacings between parameter values in our grid of stellar models,
see Table 1. The stellar evolutionary tracks are computed with a
variable time step, so as to efficiently evolve the star rapidly dur-
ing the main sequence, but provide the necessary temporal resolu-
tion to accurately model the early and late stages of evolution. In
order to facilitate the numerical integration, we interpolate within
each stellar track to provide each of the observable and derived
physical quantities at a series of stellar ages, each separated by
A1, = AT. The value of A7 varies between stars to reflect the
speed of stellar evolution for each track (see Table 1). It is impor-
tant to note that we interpolate only in time within a single evolu-
tionary track and not between stellar tracks of different masses or
compositions. Thus, our interpolation does not suffer from any of
the complications typically associated with stellar isochrone fitting.
For a given set of observations, we can compute the marginal quan-
tities by summing the product of the prior times the likelihood eval-
uated at each time of each evolutionary track.

In practice, the measurement uncertainties for each of the param-
eters is much smaller than the entire allowed range of the parameter.
Therefore, we can approximate each of the above summations
over all model parameters by summations over a region R’ that
contains all the points that contribute significantly to the inte-
grals. We are quite conservative and choose R’ to include every point
for which ‘log Tefr obs — log T eﬁ1m0d| < 1007, |log[Fe/H}0bs—
log[Fe/H]|moa| < IOU[Fe/HH, [10g Gobs — 108 gmoa| < 100710g 4, and
|obs — 10— Vors =My, moa(M,7[Fe/H])/5+1| < 100,,. We manually check
that reducing the volume of R’ results in no significant difference
for the marginal distributions.

3.4. Characterizing the Derived PDF's

While we will provide the full posterior distributions on re-
quest, it is often convenient to summarize the posterior PDFs.
Calculated PDFs are typically represented by two quantities—a
single “best estimate” value and some associated confidence in-
terval. However, the derived PDFs can often manifest complicated
shapes that are not readily fit by a standard normal distribution
(e.g., see Fig. 2 for sample age PDFs). Thus, defining the best
representative value and determining the confidence interval is
a nontrivial task. An incorrect procedure for model parameter
estimation can introduce an unwanted bias in a large sample
and also fail to extract all the necessary information from the PDFs.
A useful representation of derived age probability distributions has
been thoroughly discussed by Jergensen & Lindegren (2005).

3.4.1. Best Estimate

The main goal of this section is to define a single estimate
value %, along with the range of plausible values [x;,x,] deter-
mined from the selected confidence level. Commonly used statis-
tical quantities for representing the best estimate from the PDFs
are the median (the bisector of the area under the PDF curve), the
mean (the expectation value), and the mode (the most probable
value). No matter which statistical quantity is selected, it inev-
itably includes certain arbitrariness and statistical biases. Thus,
when studying the statistical properties of a large sample of stars,
one needs to be fully aware of the type of biases introduced and
separate them carefully from the true values of interest.

We have chosen the mode, i.e., the global maximum of the
derived PDF, as our primary estimate of the model stellar pa-
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Fic. 2.—Normalized age probability distribution functions (PDFs) of sample
stars. HD 101614 (solid curve) and HD 193307 (dot-dashed curve) have “well-
defined” ages. HD 193307 has a secondary maximum in the age PDF, 7, =
3.4 Gyr with a relative probability of 23% with respect to the best-estimate age,
7 = 6.5 Gyr. Only the best-estimate age and the 1 o upper bound for the age of
HD 120237 (short-dashed curve) will be specified in the table (7 nigh = 2.9 Gyr).
Only the lower bound for the age of HD 10700 (dotted curve) will be specified
(Tlow = 12.2 Gyr). No meaningful age can be derived for HD 144628 (long-
dashed curve). The credible intervals are defined as the range between the points
where the PDFs cross the solid horizontal line, P(7) = 0.6 (see § 3.4.2).

rameter (denoted by a hat—e.g., 7 for the best age estimate). The
mean and the median have their advantages in that they always
reside within any given parameter range. For instance, the max-
imum age of HD 10700 in Figure 2 apparently lies beyond 14 Gyr,
yet it is still possible to present the estimated age as 11.6 Gyr by
choosing the median value. However, as pointed out by Jergensen
& Lindegren (2005) when the derived PDF is broad due to a poor
observation, the mean or the median tends to be deviously located
near the middle of an arbitrary parameter range. For example, in
Figure 2 it is in no sense meaningful to say that the estimated age
of HD 144628 is 7.5 Gyr (the mean), or 7.7 Gyr (the median). It
is evident that these estimators would lead to a spurious bias
toward 7 Gyr, the central value of our selected age interval, 0—
14 Gyr, when analyzing a population of similar stars. Further-
more, the calculated mass or age PDFs often have multiple peaks
as seen for HD 193307 in Figure 2, since the model parameters
(M, T, Z, etc.) are not in one-to-one relation with the observed
parameters (My, Tefr, [Fe/H]). Multiple observations for a single
star can lead to bimodal posterior distributions that are even more
difficult to summarize with a single estimator.

3.4.2. Error Estimate

The conventional definition for £1 ¢ confidence interval is to
assume a Gaussian distribution and find the range [x;, x,] such that
the fractional area under the curve falls to 68% of the total in-
tegrated probability; f)': > P(x) dx/ f;;:n P(x)dx = 0.68. Instead,
we normalize the PDFs such that P(X) = 1.0 and estimate our “1
o error” [x1,x;] to be the interval between the two points where
P(x;) = P(x;) = 0.6 (Nordstrdm et al. 2004). This is a more
appropriate choice for age PDFs, since for many stars age is a
particularly weakly constrained parameter. For example, the de-
rived age PDF for HD 193307 in Figure 2 has a smaller secondary
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TABLE 2
THEORETICAL STELLAR PARAMETERS
M Miow Mhigh M, T Tlow Thigh T2 R M. Ree IOg g
Stellar ID M) M) (M) (M) (Gyn)  (Gyr) (Gyn) (Gyr) Re) M) Re) (cgs)
HD 102158 ................ 0914 0.890 0.936 1136 9.84 1292 L1708 0.017;00%  0.315:008 432700
HD 102357 ... 1.129  1.105 1.153 348 256 4.20 1237902 0.003750990  0.21870017 4327004
HD 102365 0.889 0.858 0.923 948 644 1244 096208 0.021700%  0.272:9818  4.4525%4
HD 102438 .. 0.868  0.840  0.903 10.04 640 13.40 0927003 0.026:03%3  0.27075512  4.4770%3
HD 102634 .. 1322 1296 1.356 2.80  2.60 3.04 161708 0.0040000  0.292:0020 4172594
HD 102870 .. 1353 1319  1.381 1.236(0.25) 296 2.64 320 436(027) 1.70709  0.006700%  0.340.0%)  4.1475:%
HD 102902 ............... 1.739  1.707 1.883 584  5.32 6.68 2457023 012370038 0.705290%%  3.95.0%2
HD 103095 ................ 0.661  0.655  0.689 2.44 0667002 0.02279%0)  0.17075:9%  4.63790)
HD 103432 ................ 0.948 0918 0.970 3.64 0.897083  0.026,000  0.242290%  4.53.0%3
HD 10360 .................. 0.750  0.732  0.767 0.60 0.71708  0.040;0:002  0.21179913  4.647002
HD 10361 .... 0.761  0.746  0.783 0.52 0.72708%1  0.037;5000  0.205790%  4.647002
HD 103829 .. 0.984 0962 1.006 9.00 728 1048 1107907 0.0247099%  0.32570930 435700
HD 103932 .. 0.775 0.769  0.783 0.68 0.72700%  0.061709%3  0.231309%  4.6370:7
HD 104067 0.831 0.799 0.845 0.40 6.48 0.77:08  0.052;300%  0.241:98%  4.60.0:03
HD 104304 ................ 0.980 0936 1.024 848 568 11.04 1017083 0.035.0008 03147002 4.43.0%3
HD 10436 .................. 0.624 0.616 0.628 0.44 0597002 0.037:90%2  0.17475:9% 470700
HD 104556 ................ 1.897 1.403 (0.36) 272 248 3.36 3127098 098170038 1572709 3.76.001
HD 104576 .. 1.035 1.011  1.051 0.52 0.95:003  0.016,000  0.23370002  4.51.000
HD 10476 0.816 0.805 0.838 8.84 0.827002  0.045:99%53  0.266,000  4.54700
HD 105 .... 1.129  1.113  1.145 0.60 1063083 0.008,0:00  0.225.0008  4.45.00
HD 105113................. 1.201  1.159 1.227 5.04  4.68 5.72 1997019 0.007:99%3  0.48209%  3.93790%
HD 105113B............. 0.951 0937 0.965 0.60 0.85.00  0.037,00%  0.243.000¢ 458002
HD 105328 ................ 1210  1.133  1.238 436  4.04 472 584 (046) 1467007  0.012:03%2 0350001 4217002
HD 105405 1.074  1.042  1.100 532 4.60 6.08 1297087 0.004.5000  0.250:00%  4.27:0%
HD 105631 .. 0.947 0921 0.969 2.80 0877003 0.0417000%  0.257759% 4562003
HD 106116... 0981 0955 1.013 880 6.76  10.56 1063004 0.02979003 032230020 4.39.008
HD 106156 .. 0.957 0931 0.983 2.60 0.887003  0.042700%3  0.260709%)  4.5670:03
HD 106252 ................ 1.007 0.985 1.031 6.76  5.16 8.16 L1708 0.0155000  0.293:003) 4367004
HD 106423 ................ 1.197 1.141 1.289 3.68  3.20 4.12 1312915 0.014709% 03215008 4307908

Notes.—Table 2 is available in its entirety in the electronic edition of the Astrophysical Journal Supplement. A portion is shown here for guidance regarding its form
and content. The entire catalog of derived stellar parameters is also available through the California & Carnegie Planet Search Web page, http://exoplanets.org/

SPOCS_evol.html.

maximum. For such ambiguous cases, the confidence interval
estimated by the fractional area under the curve does not describe
the correct uncertainty range for the best age estimate (the con-
fidence interval may even lie outside the mode value). Also, com-
puting the 1 o confidence interval from 68% fractional area is
likely to underestimate the uncertainty of broad age PDFs (e.g.,
HD 144628). Note that for a standard Gaussian distribution, the
confidence interval [x, x;] defined as P(x|) = P(x;) = 0.6 is the
region in which the true parameter lies for 68% of all the cases.
This definition of a confidence interval can be also applied to non-
Gaussian type model parameter PDFs. Jorgensen & Lindegren
(2005) have done extensive Monte Carlo simulations using 10°
synthesized stars with typical observational errors and con-
firmed that 68% of the recovered ages fell within [x;, x,] of the
true age.

3.4.3. Our Notation for the Parameter Estimates
and the Confidence Intervals

Here we summarize the notations we have used to character-
ize the parameter estimates and confidence intervals in Table 2.
When the confidence interval around the mode is entirely within
the parameter range of our grids, [Xmin, Xmax |, the estimate is called
a “well-defined” parameter (Nordstrom et al. 2004). However, it
often happens, particularly in the age PDFs, that the confidence
interval is truncated on one or both sides of [Xin, Xmax] (€.g., HD
120237, HD 10700, and HD 144628 in Fig. 2). In these cases, the
truncated side of the confidence interval is left blank in the table.

This means that only an upper or lower bound (or, possibly, no
bound at all) can be specified at the 68% confidence level for the
considered parameter. Similarly, sometimes the mode is not well
defined, as the position of the global maximum X coincides with
either boundary of the permitted parameter range [e.g., P(Xax) 1S
unity for HD 144628]. In this case, the best-estimate value X is not
specified in the table. However, an upper or lower bound of the
confidence interval may still be specified, if it exists.

Finally, the calculated model parameter PDFs often exhibit a
bimodal feature (e.g., HD 193307). Sometimes the secondary
maximum lies outside the confidence interval of the primary. In
these cases, the secondary maximum and its probability relative
to the global maximum are also specified in the table.

It is often useful to also provide summary statistics for each of
the model parameters. By their very nature, summary statistics
throw away much of the information that is contained in the
posterior PDFs. The loss of information is particularly acute for
complex PDFs (e.g., very broad, highly skewed, multimodal), such
as often occur with the marginal posterior PDF for the stellar age. In
order to provide a succinct summary of the size of the tails of the
posterior PDFs, we provide the median value as well as 68%, 95%,
and 99% credible intervals for each stellar parameter in the elec-
tronic version of the table.

4. DERIVED STELLAR PROPERTIES

With the methods described in the previous chapter, we have
computed the stellar parameter PDFs for 1074 SPOCS stars with
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Fic. 3.—Distributions of derived ages. The right panel only includes the 99 stars in the SPOCS catalog with known planetary companions. The best-estimate ages are
presented in the histograms, and the integrated total age probability distribution functions are presented as the curves. The dotted line includes only the stars with well-
defined ages. The dashed curve shows the age distribution of the 61 stars in the volume-limited sample with well-defined ages. [See the electronic edition of the Supplement

for a color version of this figure.]

T within the range 3700—6900 K. The derived stellar param-
eters for a small subset of the sample are presented in Table 2.
The entire table of derived parameters is available in the elec-
tronic version of the paper and also in the California & Carnegie
Planet Search Web site.”

4.1. Stellar Ages

Figure 3 shows the derived age distributions of stars in dif-
ferent subsamples of the SPOCS catalog. The curves show the
sum of the normalized age PDFs of all the stars. Among the total
0f 1074 SPOCS stars we have used, 669 stars have “well-defined”
ages as defined in § 3.4.3. Among those, 606 stars have estimated
errors smaller than 5 Gyr, and 169 stars have errors smaller than
1 Gyr. The large fraction of stars with the youngest ages (7 < 1 Gyr)
and the oldest ages (7 > 13 Gyr) in Figure 3 are clearly artifacts
from choosing the mode value as the best-estimate age. As dis-
cussed in § 3.4.1, the mode of a poorly constrained age PDF tends
to reside near either end of the selected age range (0 or 14 Gyr in
this case). These accumulations at extreme ages are removed in
the distribution of “well-defined” ages.

Note that the selection criterion of the SPOCS catalog is such
that precision of radial-velocity observations is optimized. The
sample stars are selected by visual magnitude, but not the stellar
distance. Consequently, the catalog contains more distant, early-
type stars that are intrinsically more luminous. Fischer & Valenti
(2005) defined a volume-limited sample with a radius of 18 pc,
within which the number density of F-, G-, and K-type stars per
volume is nearly constant as a function of distance. Among the
1074 stars we selected from the SPOCS catalog, 203 stars are in
the volume-limited sample. Figure 4 illustrates the bias toward
intrinsically luminous stars in the whole sample. The volume-
limited sample is in fact rather abundant in intrinsically faint stars,
whereas the whole sample consists of more stars with luminosity
above the solar value. The age distribution of the volume-limited

7 See http://exoplanets.org/SPOCS_evol.html.

sample is slightly shifted toward a younger age, due to a larger
fraction of relatively unevolved, less bright stars.

The age distribution of stars with known planetary compan-
ions is presented in the right panel of Figure 3. The SPOCS cat-
alog contains 99 planet-host stars, 74 of which have well-defined
ages. The integrated age PDF of all the stars has sharp local
maxima, arising from the small number statistics and selection
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Fic. 4—Distributions of the calculated luminosity for the whole sample
(solid histogram) and for the 203 stars in the volume-limited sample (dotted his-
togram). The volume-limited sample has a luminosity distribution peaked around
log L/L, = —0.32, whereas the luminosity distribution of all the sample stars is
peaked atlog L/L., = 0.15. A larger sampling volume includes more intrinsically
bright stars. [See the electronic edition of the Supplement for a color version of
this figure.)
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Fig. 5.— Distributions of the derived masses. The right panel only includes the 99 stars in the SPOCS catalog with known planetary companions. The best-estimate
masses are presented in the histograms, and the integrated total mass probability distribution functions are presented as the curves. The mass distribution for the stars in the
volume-limited sample (<18 pc) is presented in the dotted histogram. [See the electronic edition of the Supplement for a color version of this figure.]

effects. The mode value of 3.3 Gyr of the planet-host stars co-
incides with that of all the well-defined ages, however, the peak
is more distinct for the planet-host stars. The two maxima around
3.3 and 8.0 Gyr mostly consist of G-type stars, since planet-
search programs typically target stars with solar-type spectra.
Most of the stars in the 2—5 Gyr bins consist of young main-
sequence stars with spectral type F8§—G4 and masses 1.0-1.9 M.,
whereas the stars in the 7-9 Gyr bins are less massive G3—G5
stars with masses 0.8—1.1 M, many of them likely to be in the
subgiant phase.

Note that the stellar age is generally the most poorly deter-
mined parameter. Nearly half of the SPOCS stars have derived
age uncertainty greater than 5 Gyr, which is comparable to the
entire parameter range (0—14 Gyr). Also, the age uncertainty is more
sensitive to the stellar mass than on the accuracy of the spectroscopic
observations (the derived age—mass relation is discussed in more
details in § 5.3.1). Figure 3 merely provides a graphical repre-
sentation of the summary statistics and the contributions from dif-
ferent types of stars to the overall age distribution, and it should
not be confused with the actual star formation rate in the solar
neighborhood.

4.2. Stellar Masses

Figure 5 shows the distributions of derived masses. The mass
PDFs are generally much better constrained than the age PDFs.
Well-defined masses are obtained for the majority (97%) of sam-
ple stars, including the ones with poorly determined ages. The
derived masses have a median of 1.03 M, consistent with the
median of 1.07 M, quoted by VF05 within the 1 o uncertainty.
Since only the stars with larger masses and luminosities are se-
lected at large distances, there is a clear correlation between the
derived mass and the stellar distance (see Fig. 6). The volume-
limited sample contains more stars with subsolar masses, with a
median value of 0.87 M,

The small gap in the distribution around 0.9 M, is likely to
originate from our choice of age cutoff at 14 Gyr. The mass of
0.9 M, roughly corresponds to the turnoff mass for this age (the

critical mass beyond which a star can evolve away from the main
sequence within 14 Gyr; see, for example, the sample evolu-
tionary tracks for 55 Cancri in Fig. 11). Indeed, the 125 stars in
the mass range 0.8—0.9 M, have particularly old ages: 39 stars
(31%) with ages >12 Gyr and 58 stars (46%) with >10 Gyr. Note
that in the complete sample only 7% of the stars have derived
ages 7 > 12 Gyr, and 16% have 7> 10 Gyr.

The mass distribution of the 99 known planet-host stars is also
presented in the right panel of Figure 5. The mass distribution of
planet-host stars behaves similarly to that of the entire sample,
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Fic. 6.—Distribution of the derived masses and the distances determined from
the Hipparcos parallaxes. The red crosses represent the stars with known plan-
etary companions. [See the electronic edition of the Supplement for a color
version of this figure.)
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TABLE 3
PROPERTIES OF SAMPLE STARS

OBSERVED Data PoSTERIOR

Teﬁ' 10g g Teﬁ 10g g

STAR (K) [Fe/H] (cgs) (K) [Fe/H] (cgs)
6387 + 44 +0.25 £ 0.03 4.25 £ 0.06 639073 +0.31 £0.04  4.2770%
5787 + 44 +0.15 £ 0.03 4.45 £ 0.06 58143 +0.22 + 0.03 43600
6213 + 44 +0.12 £ 0.03 4.25 £ 0.06 615973 +0.16 & 0.04 4175098
5253 4 44 +0.31 + 0.03 445 £ 0.06 5327 + 49 +0.37 & 0.04 448091
5823 + 44 —0.14 + 0.03 4.36 + 0.06 585531 —0.17 £ 0.05 42175%

Note.—The surface properties of the sample stars—comparison between the spectroscopic values by VFO05 and the posterior estimates.
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with a median mass of 1.07 M. The lower mass cutoff near
~0.8 M., comes from the sampling criterion (V' < 8.5) of the
SPOCS catalog. Also, stars with masses below ~0.8 M, cor-
respond to M dwarfs, which are typically excluded from planet-
search programs because of their low luminosities and strong
chromospheric activities, which affect the radial-velocity mea-
surements (Delfosse et al. 2000). All the planet-host stars with
derived masses <0.9 M, in our sample are KO3 stars. There are
only four stars in the extrasolar planet catalog with spectra later than
K3: HD 63454 (K4 V), GJ436 (M2.5), GI581 (M3), and GJ876
(M4 V). None of these stars is included in the SPOCS catalog.

5. DISCUSSION
5.1. Comparisons with FRS99

FRS99 modeled five stars with extrasolar planets known at the
time, using the observed parameters obtained by Gonzalez (1997,
1998) and Gonzalez & Vanture (1998). In this section, we com-
pare those results to our new models using the spectroscopic ob-
servations by VFO05. The theoretically derived atmospheric
properties are listed in Table 3, and the overall comparisons are
summarized in Table 4. The normalized PDFs of the stellar
properties are presented in Figure 7.

5.1.1. 7 Bootis (HD 120136)

A planet with a mass My, sin i = 3.9M; around the young F7
V star 7 Boo was discovered by Butler et al. (1997)ina3.31 day
period. Despite its assumed young age, the star shows little
photometric variability (Baliunas et al. 1997). Among the five
planets discussed in this section, it is the hottest and the second
most metal-rich star after 55 Cnc. The mean effective tempera-
ture Toy = 6410 K and metallicity [Fe/H] = 40.26 are derived

by VFO05 using the SME with Lick/Hamilton spectra at three
different epochs. The planetary system 7 Boo is associated with a
visual binary companion at ~240 AU (Hale 1994; Patience et al.
2002). The stellar companion does not affect the spectral anal-
ysis because of its large orbital separation.

Our calculated properties of 7 Boo are consistent with the
model made by FRS99: 7 Boo is a young, fairly massive main-
sequence star with a well-constrained age estimate, 1.647033 Gyr.
The activity—age relation determined from the mean Ca 1 flux
suggests an age of ~2 Gyr (Baliunas et al. 1997). The revised
spectroscopic analysis by Gonzalez & Laws (2000) has been
applied to isochrones by Schaller et al. (1992) and Schaerer et al.
(1993) and yielded an age 3.3 4 0.5 Gyr. All the other isochrone
or surface activity analyses estimate the age to be <3.1 Gyr,
consistent with our results (Fuhrmann et al. 1998; Lachaume et al.
1999; Suchkov & Schultz 2001; Henry et al. 2000a; Nordstrom
et al. 2004).

Figure 8 shows the theoretical evolutionary tracks with [Fe/H] =
+0.31. This metallicity estimate is consistent with other spec-
troscopic observations: +0.32 + 0.06 (Gonzalez & Laws 2000)
and +0.27 £ 0.08 (Fuhrmann et al. 1998). VF05 and Santos et al.
(2004) have derived slightly lower values, 0.25 £ 0.03 and
0.23 + 0.07, respectively.

5.1.2. 51 Pegasi (HD 217014)

The first extrasolar planet around a solar-type star was discov-
ered by Mayor & Queloz (1995) around the G5 V star 51 Pegasi
(see Fig. 9). The planet has a mass M, sini ~ 0.47M; and an
orbital period of 4.23 days.

From the three Lick/Hamilton spectra, VF05 derived Ty =
5787 + 44K and [Fe/H| = 0.154 £ 0.029, consistent with other
LTE analyses, Ter = 5750-5820 K and [Fe/H] = 0.14-0.21

TABLE 4
CoMPARISONS WITH FORD ET AL.

M, Age R, M. Re” log g

Star (M) (Gyn) Re) (M) Ro) (cgs)
7 Boo (HD 120136).............. 1342094 1647033 146 £0.05  0.002:03%2 023 £001 42708
1.37 £ 0.08 1.2:9% 1.4170% <0.002 0227518 42700
51 Peg (HD 217014)............. 1.05 £0.04 676114  115+£0.04 0023000 0337032 43600

1.0570:08 7.6.38 1.16 £ 0.07  0.02375:9% 034 £0.11  4.33 £ 0.09

v And (HD 9826).......cccrneen. 1.31 ;§;$§ 3 12;§;§g 1.64;§;$§ 0.005;§;§§§ 0.32;%;% 4.16;§;$§
1.34707 2.6.5) L5601 0.0027 03 0.272 017 418007
55 Cnc (HD 75732) ccoovvvenneen 0.960:92 >7.24 0.9370:01 0.0575:9%¢% 0.3270:0 4487001
0958% 848 09300 0046.0% 03008 450.00]
p CrB (HD 143761).............. 0.96 £0.02  11.04;372 1357082 0.015:9802 038 £0.02  4.18;0)
080t 1eani  1asdE ool o4l aasdls

Notes.—Comparisons with the calculations from Ford et al. (1999). Their results are shown in the second row for each star.
* Width of the convective zone, measured from the outermost stellar surface.
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(solid curve), 51 Peg (short-dashed curve), v And (dot-dashed curve), 55 Cnc (long-dashed curve) and p CrB (dotted curve). The derived parameters and credible intervals
are listed in Table 4. [See the electronic edition of the Supplement for a color version of this figure.]

(Gonzalez & Vanture 1998; Giménez 2000; Henry et al. 2000a;
Santos et al. 2004; Chen & Zhao 2006; Ecuvillon et al. 2006). Our
theoretical model of 51 Peg implies that it may be slightly hotter
and more metal-rich than the best-fit parameters obtained by
VFO05 (see Table 3). The best metallicity estimate for 51 Peg
calculated from the theoretical tracks is [Fe/H] = +0.22. The
star is slightly older than the Sun, 6.7671¢% Gyr old. This is in
good agreement with FRS99 (7.6,3) Gyr) and most of other
isochrone analyses: 4 + 2 Gyr (Fuhrmann et al. 1998), 9.273¢
Gyr (Nordstrom et al. 2004), and 5. ljrg:g Gyr (Lachaume et al.
1999). From the recalibrated stellar rotation period determined
from the Ca 1 observation, Henry et al. (2000a) yielded an age
of 3—7 Gyr. The derived mass, age, radius and the mean rota-
tional period (~25 days; Henry et al. 2000a) all indicate that

51 Peg is a star very similar to our Sun, except for its metal-rich
atmosphere.

5.1.3. v Andromedae (HD 9826)

The bright F8 V star, v And is a known triple-planet system,
harboring three Jupiter-size planets at 0.059, 0.829, and 2.53 AU
(Butler et al. 1997, 1999). v And has a distant substellar com-
panion (M4.5 V) at ~750 AU revealed by coproper motion
(Lowrance et al. 2002), which does not affect spectral analysis.
Four Lick/Hamilton spectra were obtained for v And by VFO05.
The atmospheric properties derived from each spectrum show a
modest range of temperature and metallicity, Tey = 6150—6334 K
and [Fe/H] = 0.08—0.192. In general, modeling higher mass
stars involves some ambiguity as the sharp hook starts to appear
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Fic. 8. —Theoretical H-R diagram and stellar evolutionary tracks for 7 Bootis.
The observed Tex from the SPOCS catalog and luminosity calculated from the
observed magnitude and Hipparcos parallax are shown with 1 o uncertainty. All
the evolutionary tracks inside the dashed rectangle (10 o observational uncertainty)
are used for the stellar model calculation. The tracks are presented from ZAMS
onward, with our best-fit metallicity [Fe/H| = +0.32. Each cross on the tracks is
separated by 100 Myr. Note that this time step is exaggerated in this figure to il-
lustrate the acceleration of the evolutionary sequences—in the actual grids used for
the calculations, the time resolution is as fine as 1 Myr. Theoretically derived model
parameters of 7 Boo are M = 1.34 M, and age 7 = 1.64 Gyr.

at the end of the main sequence following the core hydrogen ex-
haustion (cf. § 3.2 and Fig. 10). The discrepancies in the spec-
troscopically determined atmospheric properties is sensitively
reflected in the stellar models, as seen in the derived PDFs.
Overall, our theoretically derived properties agree with those by
FRS99. The derived age PDF indicates that v And is 3. 12;8:% Gyr

log(L/Ly)

-0.2 =
3.78 3.76 3.74 3.72

log(T,,/K)

Fi6. 9.— Theoretical H-R diagram and stellar evolutionary tracks for 51 Pegasi.
The tracks correspond to our best estimate metallicity, [Fe/H] = +0.22. The track
for 0.95 M, is truncated at 14 Gyr. The stellar mass and age estimates are 1.05 M,
and 6.76 Gyr. The star is similar to our Sun except for its metal-rich atmosphere.

log(T,,,/K)

Fic. 10.—Small subset of theoretical evolutionary tracks used for the mod-
eling of v Andromedae. The temperature and luminosity quoted by VFO05 are
denoted with the 1 o error bars and 10 ¢ error box. The tracks represent the
evolutionary sequences of stars with metallicity [Fe/H] = +0.20, corresponding to
our best-estimate metallicity. The star is most likely a 1.31 M, main-sequence star
that is 3.12 Gyr old. Another model with M < 1.25 M, at a main-sequence turnoff
age (~5 Gyr) is also possible, although with a much smaller probability.

old, with two additional probability peaks around it. The major-
ity of the spectral and photometric analyses agree with the young
age: using theoretical isochrones, 2.9 %+ 0.6 Gyr (Lachaume et al.
1999), 3.3:07 Gyr (Nordstrdm et al. 2004), 3.8 + 1.0 Gyr
(Fuhrmann et al. 1998); using age—activity relation from Ca 11
flux observation, 5 Gyr (Donahue 1993); using the age—[ Fe/H ]
relation, an upper bound of 2.3 Gyr (Saffe et al. 2005). Another
possible model with a relative probability 20%—40% is observed
in the calculated PDFs, which has a higher mass (~1.4 M)
and even younger age (~2 Gyr). This is attributed to one of the
Hamilton spectra that yields hotter surface temperature and higher
metallicity than the other three (6334 K and +0.192). The SPOCS
catalog denotes the mean values of all four observations, Teg =
6213 K and [Fe/H] = +0.122, consistent with the other reported
values, 6107-6212 K and 0.09-0.17 (Fuhrmann et al. 1998;
Giménez 2000; Gonzalez & Laws 2000; Santos et al. 2004). With
a lower probability, v And could also be a near turnoff star with a
lower mass (~1.25 M) and an older age (~4.5 Gyr), not because
of the observational ambiguity but because of the sharp rise in the
stellar luminosity after core hydrogen exhaustion. This probability
is relatively smaller due to the rapid evolution of the star away
from the main sequence toward the lower temperature. As men-
tioned above, all other isochrone analyses with appropriate sta-
tistical treatment (e.g., Bayesian analysis) favor the main-sequence
model younger than 3.5 Gyr, rather than turnoff or post-main-
sequence models.

5.1.4. 55 Cancri (HD 75732)

55 Cnc is the richest planet-host star known to date, harboring
four Neptune- to Jupiter-size planets (Butler et al. 1997; Marcy
et al. 2002; McArthur et al. 2004). This is a system of great in-
terest for many aspects of planetary dynamics. The innermost
planet 55 Cnc e is a hot sub-Neptune mass planet, while the out-
ermost planet 55 Cnc d is one of the few planets known with an or-
bital semimajor axis comparable to that of Jupiter (a = 5.257 AU).
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The middle two planets are in 3 : 1 mean motion resonance (Ji et al.
2003; Marzari et al. 2005), posing an interesting question for dy-
namical stability. 55 Cnc is also a visual binary system, with a stellar
companion at ~1100 AU away from the planet-host star (Hoffleit
& Jaschek 1982; Mugrauer et al. 2006). In addition, the star was
once claimed to have a Vega-like dust disk based on infrared obser-
vations (Dominik et al. 1998; Trilling & Brown 1998). Observa-
tions with different wavelengths have set an upper limit on the disk
mass much lower than the previous estimate from the infrared ob-
servation, and now it is generally agreed that the infrared excess
most likely came from a background object (Jayawardhana et al.
2002; Schneider et al. 2001).

The strong photospheric absorption lines of 55 Cnc indicate
an anomalous metal abundance, classifying the star as a so-called
“super—metal-rich” star. The peculiar spectrum of 55 Cnc results
in controversial atmospheric properties. The star is normally clas-
sified as a G8 V star (Cowley et al. 1967), whereas Taylor (1970)
identified it as a super—metal-rich K dwarf. Reported surface tem-
perature and metallicity are not yet well constrained: Tegx =
5100-5340 K and [Fe/H] = 0.20-0.45 (Arribas & Martinez
Roger 1989; Baliunas et al. 1997; Fuhrmann et al. 1998; Gonzalez
1998; Giménez 2000; Reid 2002; Santos et al. 2004; Ecuvillon et al.
2006). Many models show that 55 Cnc is a subsolar-mass main-
sequence star, whereas some other observations claim it to be a
subgiant, based on the atmospheric CN enhancement (Greenstein
& Oinas 1968; Taylor 1970; Oinas 1974) and relatively low sur-
face gravity, log g = 4.10 (Gonzalez 1997). However, using the
greatly increased number of Fe 1 and Fe n lines, Gonzalez &
Vanture (1998) revised the surface gravity to log g = 4.40, which
is too large for a normal subgiant star. For our models, we have
used the nine Lick/Hamilton spectra obtained by VF05. The mean
temperature and metallicity yielded by SME are Te = 5253 +
44 K and [Fe/H] = +0.31 £ 0.029.

The reported physical parameters of 55 Cnc also show dis-
crepancies. Most of the analyses claim a model that is either very
young and slightly more massive than the Sun (~1.05 M) or
very old and slightly less massive than the Sun (~0.90 M,). Some
of'the spectroscopic analyses yield an age close to the Hubble time
(Perrin et al. 1977; Cayrel de Strobel 1987; Gonzalez 1998).
FRS99 also predicts an old age 8;? Gyr and a subsolar mass
0.95 M. Naively speaking, an extremely old age of 55 Cnc seems
unreasonable considering its anomalously metal-abundant atmo-
sphere. Chromospheric Ca 11 activity of 55 Cnc suggests instead a
young age of 5 Gyr (Baliunas et al. 1997). Using the high met-
allicity +0.40 and keeping the solar He abundance, Fuhrmann
et al. (1998) derived an age <5 Gyr. It has even been suggested
that 55 Cnc might be a member of the Hyades Supercluster with
an age upper limit of 2 Gyr (Eggen 1985, 1992). However, var-
ious observational clues, such as the measured stellar rotational
period of 41.7 days, possibility of an extreme H-deficient atmo-
sphere, and the lack of detectable lithium, argue against extreme
youth of the star (Gonzalez & Vanture 1998). The substantial size
of the convective zone also supports a more evolved stellar model.

Among the five sample stars we discuss here, 55 Cnc has the
least-constrained mass and age. The observations by VF05 suggest
it is a main-sequence star with M = 0.96,0.02 M, and [Fe/H] =
+0.38 (see Fig. 11). Due mainly to the slow main-sequence evo-
lution of metal-rich stars with M < 1.0 M, the derived age of
the star is poorly constrained. Although the age PDF is indicative
of an older age, nearly any age is possible within the range of
0-14 Gyr (Fig. 7). A choice of higher temperature and metallic-
ity (e.g., 5336 K and +0.40; Fuhrmann et al. 1998) would favor a
younger age and a larger mass. The situation can be understood
as a result of the assumption for He abundance. The scaling of
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Fic. 11.—Observed temperature and luminosity of 55 Cancri and the evo-
lutionary tracks of stars with the best-estimate metallicity [Fe/H] = +0.38. All
the tracks are terminated at 14 Gyr. Effective temperatures determined from other
spectroscopic observations typically lie within the range log (7ex/K) = 3.70—
3.73. The star is most likely a main-sequence star with a mass 0.9670.0 M.

He with respect to the other metals (6Y/6Z) is not well known,
especially for these super—metal-rich stars. Using the stellar evo-
lutionary tracks with the high metallicity but keeping the solar
He abundance (6Y/6Z = 0), Fuhrmann et al. (1998) showed
that 55 Cnc is located below the ZAMS line in the H-R diagram.
If the H depletion in the atmosphere is confirmed (Gonzalez &
Vanture 1998), the He fraction needs to be scaled up as 6Y/6Z =
2.5 £ 1.0, as adopted by FRS99 and us. Using a uniform prior
distribution of 6Y/6Z, our best fit for 55 Cnc occurs for our tracks
with 6Y/6Z = 1.5.

The model posterior temperature and metallicity, 5327 K and
+0.38, are considerably higher than the values from the SPOCS
catalog but similar to the observation by Fuhrmann et al. (1998).
The derived surface gravity log g = 4.4818:8; is quite large and
in agreement with VF05 and FRS99.

5.1.5. p Coronae Borealis (HD 143761)

The AFOE (Advanced Fiber Optic Echelle spectrograph)
team discovered a Jupiter mass planet in 39.8 day orbit around
the GO-2 V star p CrB (Noyes et al. 1997a, 1997b). It is the only
star with subsolar metallicity among the five stars discussed in
this section. The mean metallicities and effective temperature of
the star yielded by one Keck/HIRES spectrum and three Lick/
Hamilton spectra by VF05 are T.g = 5823 K and [Fe/H| =
—0.14 (see Fig. 12). Other spectroscopic analyses all identify the
metal-poor atmosphere of p CrB, ranging from [Fe/H| = —0.19
to —0.32 (Gratton et al. 1996; Kunzli et al. 1997; Fuhrmann et al.
1998; Gonzalez 1998; Giménez 2000; Henry et al. 2000a; Takeda
et al. 2001; Santos et al. 2004; Ecuvillon et al. 2006).

FRS99 yielded a model with an extremely old age, 14+ 2 Gyr,
and M = 0.89 4+ 0.05 M,,. Our analysis predicts a model that is
slightly younger and more massive, 11.04;8%% Gyr and 0.96 £
0.02 M. This mass is consistent with the isochrone mass of
0.95 M, by Santos et al. (2004) derived from the SARG spec-
trum. The near-turnoff main-sequence age has been confirmed by
other isochrone/evolutionary track analyses; 10.2 + 1.7 Gyr
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Fic. 12.—Theoretical H-R diagram and stellar evolutionary tracks for
p Coronae Borealis. Tracks with our best-fit metallicity, [Fe/H] = +0.17, are
shown. The tracks with M = 0.90 and 0.95 M are truncated at the maximum age
of the grids, 14 Gyr. The derived model of p CrB yields M = 0.96 £+ 0.02 M,

and 7 = 11.047072 Gyr.

(Fuhrmann et al. 1998); 12. ljéjg Gyr (Nordstrom et al. 2004);
12.1 + 0.9 Gyr (Ng & Bertelli 1998). The paucity of heavy
elements detected in the atmosphere is consistent with some of
these very old ages, although metallicity is typically a poor age
indicator (Saffe et al. 2005). Other observational evidences sup-
port that p CrB is an evolved, near solar-mass star. Relatively
low chromospheric activity and slow rotational period (~20 days)
have been confirmed by Noyes et al. (1997a) and Henry et al.
(2000a). Noyes et al. (1997a) suggest that the high proper motion
of p CrB out of the Galactic plane at 28 km s~! (Cayrel de Strobel
1996) may indicate that the star was a member of the old disk pop-
ulation. Our model with the slightly developed convective zone
also supports that the star is at least near the end of the main-
sequence stage.

The theoretically derived atmospheric parameters are con-
sistent with the spectroscopic values by VF05, except that the
model posterior surface gravity is significantly lower, log g =
4.18. This is consistent with the isochrone value of4.14 by VFO05,
and other spectroscopic observations, 4.11 by Gratton et al. (1996)
and 4.05—4.19 by Fuhrmann et al. (1998).
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5.2. Sample Models for Other Known Planetary Systems

In addition to the stars previously modeled by FRS99, here
we present the models for five planet-host stars with particularly
interesting stellar or planetary properties that are worth detailed
discussions. Table 5 lists the spectroscopic parameters and the
derived physical properties of these stars.

5.2.1. HD 209458

HD 209458 is the first extrasolar planetary system for which
transit events were observed (Charbonneau et al. 2000; Henry et al.
2000b). Accurate stellar modeling for stars with transiting planets
is crucial for determining the radius and hence the interior struc-
ture of the planet. The tightly constrained orbital inclination an-
gles achievable for transiting planets can eliminate the factor of
sin i from the observed radial velocity and yield an exact planetary
mass (Mp1). From the photometric curve and the theoretically
determined stellar radius, the radius and therefore the density
(and composition) of the planet can be found.

Mazeh et al. (2000) have created several stellar models using
isochrones derived from the Geneva, Padova, Claret, and Yale
code. By locating the observed My and T and interpolating be-
tween the isochrones, they determined M = 1.1 + 0.1 M, and
R =12+ 0.1 Ry. We have derived a similar model with better
constraints, M = 1.1370:92 M, and R = 1.1470:)? R.. Using
the stellar parameters derived by Mazeh et al. (2000) and the ob-
served inclination i = 87.1° £ 0.2°, Charbonneau et al. (2000)
determined the planetary parameters, M, = 0.63M; and Ry =
1.27 £+ 0.02R;. Using the theoretical isochrones by Bertelli et al.
(1994) Allende Prieto & Lambert (1999) determined a stellar
radius that is closer to our result, R = 1.15 £ 0.08 R,. Henry et al.
(2000Db) have adopted this model and derived a slightly larger plan-
etary radius Rp; = 1.42 £ 0.10R; than the value by Charbonneau
et al. (2000).

5.2.2. HD 69830

The Doppler detection of three planets around the star HD
69830 was recently reported by Lovis et al. (2006). It is the first
triple-planet system consisting only of Neptune-mass planets:
M sini = 10.2Mg (planet b), 11.7Mg (planet c), and 18.1M
(planet d). Prior to the planet detection, the system attracted a lot
of interest owing to the large infrared excess observed by the
Spitzer Space Telescope (Beichman et al. 2005b), indicating the
presence of a massive asteroid belt within 1 AU.

Using the high-resolution spectra obtained with HARPS at
La Silla Observatory, Lovis et al. (2006) determined an effective
temperature Ter = 5385 =20 K and metallicity [Fe/H] =
—0.05 + 0.02. The quoted values of Ty = 5361 4+ 44 K and

TABLE 5
SAMPLE MODELS FOR STARS WITH KNOWN PLANETARY COMPANIONS

OBSERVED DATA

PosTERIOR MODEL PARAMETERS

T logg M, Age R, M, Re" logg
Star K)  [Fe/H]  (cgs) (Mo) (Gyr) (R3) (Mo) (Rz) (cgs)
HD 177830 ..o 4949  +0.33 4.03 >1.91 3.2470%8 2.9570492 0.945.021 >1.29 3.91 + 0.01
HD 209458 .......... 6099  +0.02 4.38 11308 2447149 114208 0.007 % 0.002 0.24759 4.39 £+ 0.04
HD 27442 ... 4846 +0.29 3.78 1.5970:0 2.84;§;§§ 3.43;§12i 1.014;§;§§§ >1.80701 3.56:09¢
HD 38529 .... w5697 4027 4.05 148 £0.05 3.28703¢ 2.5099¢ 0.064,0:0% 0.71:98) 3.94 £ 0.02
HD 69830 ...oovereerrirerienerereneenne 5361  —0.08 446  0.85+0.01 >12.04  0.90 £ 0.02 0.0389:003 0.29 £ 0.01 4.4700)

Nortes.—Theoretical models for stars with known planetary companions discussed in § 5.2. Adopted uncertainties for the observed parameters are 44 K for Tey,

0.029 dex for [ Fe/H], and 0.060 cm s~2 for log g.
? Depth of the convective zone, measured from the outermost stellar surface.
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[Fe/H] = —0.08 + 0.03 by VFO05 are in good agreement with
these values. The isochrone analysis using the theoretical evolu-
tion models by Schaller et al. (1992) and Girardi et al. (2000)
yielded a stellar model of HD 69830 with a mass 0.86 4+ 0.03 M,
and an age ~4—10 Gyr. Our calculation shows a similar model
with amass 0.85 £ 0.01 M and an older age >12 Gyr. Lovis et al.
(2006) also performed numerical N-body simulations to test the
dynamical stability of the system assuming coplanarity of the
orbits. They tested two inclination angles i = 1° and 90°, and in
both cases the system remained stable for at least 1 Gyr. Note that
long-term stability lasting for as long as our derived lower limit
age 12 Gyr might favor smaller planetary masses, corresponding
to anear edge-on view of the system (i ~ 90°). A more extensive
stability analysis as well as a better constrained stellar age are
needed to provide tighter constraints on the orbital properties of
the planets in this system.

5.2.3. HD 27442, HD 38529, and HD 177830

The SPOCS catalog contains 86 well-observed subgiants, and
about 10 of these subgiants have detected planets. Interestingly,
three of them are observed to be super—metal-rich subgiants. We
find it worthwhile to present our theoretical models for these
subgiant stars because their physical properties are usually not
well determined. It is particularly difficult to derive an accurate
stellar mass for subgiants, since in the H-R diagram theoretical
subgiant tracks with different masses are much more closely
separated than main-sequence tracks (see Fig. 1). On the other
hand, derived ages of subgiants are relatively well constrained,
because of the rapid cooling of the stellar atmosphere toward the
red giant phase.

HD 27442 (Butler et al. 2001) is one of the most evolved stars
in our stellar sample, possibly already at the beginning of the red
giant phase. It is a K2 IV a star with a planet HD 27442b with
minimum mass M, sini = 1.35Mj and period P = 423.8 days.
The observed parameters of the stars from the SPOCS catalog are
Ter = 4846 K, [Fe/H] = +0.29, and log g = 3.78. From spec-
troscopic observations, Randich et al. (1999) derived the atmo-
spheric parameters Ter = 4749K, [Fe/H] = 4+0.22,and log g =
3.3. They further combined their observations with theoretical
isochrones computed by Bertelli et al. (1994) and determined the
mass 1.2 + 0.1 M andage 7 = 10 Gyr by interpolating between
two sets of isochrones, [Fe/H] = 0.00 and +0.40. We have de-
rived a model that is younger and more massive than their model,
M = 1597044 M. and 7 = 2.84_035 Gyr.

HD 38529 is a G4 IV subgiant star harboring two giant plan-
ets. The inner planet HD 38529b (M, = 0.78M;, P = 14.3 days)
was discovered by Fischer et al. (2001). A long-period residual
trend reported at the time was later confirmed to be another planet
HD 38529c¢, with a mass M, = 12.7Mj and an orbital period P =
2174 days (Fischer et al. 2003). The planetary masses are derived
using the stellar model by Allende Prieto & Lambert (1999):
M, =139 Mg, R. = 2.82 Ry, and log g = 4.13. Interestingly,
the large mass of HD 38529c is close to the theoretical deuterium
burning limit and thus suggests that it may be a substellar com-
panion rather than planetary. We have derived the stellar mass
1.48 + 0.05 M., indicating a companion mass even larger than
12.7M;.

The KO IV star HD 177830 is a highly evolved subgiant with
very high metallicity, [Fe/H] = 40.33. A Jupiter-size planet HD
177830b (M, sin i = 1.22My) with an orbital period of 391.6 days
was discovered by Vogt et al. (2000). By interpolating the theo-
retical evolutionary tracks by Fuhrmann et al. (1997, 1998) to the
observed My and B — V, they estimated the stellar mass of 1.15 +
0.2 M. However, a mass of a subgiant star estimated by inter-
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Fic. 13.—Age vs. mass for 669 stars with well-defined ages. The 74 planet-
host stars are marked with open circles. [See the electronic edition of the Sup-
plement for a color version of this figure.)

polating between evolutionary tracks can often be inaccurate.
Moreover, modeling a star with such high metallicity requires a
grid of theoretical evolutionary tracks with a high metallicity res-
olution and a range of helium fractions. We have derived a mass
M 2191 M, and a radius R = 2.95:092 R.. There is a small
local maximum at 1.55 M, in the mass PDF with a ~10% prob-
ability relative to the global maximum at 2.0 M. The age of HD
177830 is well constrained: 7 = 3.2470:% Gyr. HD 177830 is a
highly evolved super—metal-rich subgiant, located very closely to
HD 27442 in the H-R diagram. However, HD 177830 is even
more metal-rich ([Fe/H] = +0.33) than HD 27442; thus, its mass
needs to be at least comparable to that of HD 27442 or even larger
in order to reach the same evolutionary stage as HD 27442 within
a similar but slightly older age of ~3 Gyr.

5.3. Parameter Correlations

In this section we explore possible correlations between the de-
rived stellar parameters. It should be remembered that there are
many spurious trends that are artificially introduced during the stel-
lar modeling process or because of observational selection effects.
Those artifacts need to be carefully removed to analyze any mean-
ingful statistical correlations between the derived parameters.

5.3.1. Age—Mass Relations

Figure 13 shows age—mass relations for the SPOCS sample.
Only the 669 stars with well-defined mass and age are plotted to
remove the artificial accumulations at extreme ages (cf. § 3.4.1).

Two major features are discernible in the figure: a large enve-
lope of main-sequence dwarf stars extending from the upper left
(young, high-mass stars) to the lower right corner of the figure
(old, low-mass stars), and ~14 subgiant stars, in the region M >
1.4 M and 7 > 4 Gyr. The shape of the large envelope is mostly
determined by observational selection effects and our stellar
modeling method: (1) The upper age limit for each stellar mass
roughly corresponds to the main-sequence lifetime of the given
stellar mass (e.g., ~10 Gyr for 1 M,,). As the stellar mass increases,
the age of main-sequence stars is typically better constrained. Note
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that the wide range of metallicities creates a scatter in the main-
sequence lifetime, since metal-poor stars typically evolve more
rapidly (e.g., a 1 M, star with only 10% of solar metallicity leaves
the main sequence after ~7 Gyr). (2) Each age has an approximate
lower boundary with a critical mass below which well-defined age
cannot be determined. In general, for low-mass, unevolved stars
near the ZAMS, only an upper bound of age can be derived, since
these stars slowly evolve upward in the H-R diagram and do not
leave the main-sequence track within 14 Gyr. A few exceptions
such as HD 144253 and HD 65583 in the region M < 0.85 M
and 7 < 4 Gyr have particularly low metallicities, [Fe/H] = —0.21
and —0.48, respectively. Although the derived 1 o age uncertain-
ties for these two stars are still large (8.7 and 8.2 Gyr, respec-
tively), these metal-poor stars experience a more rapid rise in
luminosity during the main-sequence phase, which helps con-
strain the ages better than for slowly evolving metal-rich stars.
(3) The narrow void on the left of the envelope is a lack of well-
defined ages less than ~1 Gyr, mainly caused by the blue color
cutoff in the SPOCS catalog (B — V' > 0.5) and exclusion of stars
that are chromospherically very active.

Similar trends are seen in the sample of planet-host stars. Planet-
host stars are dominant in the mass range M = 0.95-1.4 M.,
Doppler radial-velocity observations become more challenging
for stars with masses above this range because of the increasing
atmospheric jitter. Planetary companions are not common around
low-mass later type stars (M < 0.9 M), although current spec-
troscopic surveys can achieve precise radial velocities for such
low-mass stars.

5.3.2. Age—Metallicity Relations

It has been confirmed by various spectroscopic observations
that planet-host stars are on average more metal-rich than single
field dwarfs (Gonzalez 1997, 1998; Fuhrmann et al. 1997; Santos
et al. 2000, 2001, 2003; Gonzalez et al. 2001). One explanation
posits that planets are more efficiently formed around stars with
higher metallicity because of the higher fraction of solids available
in the circumstellar disk (Ida & Lin 2004b). An alternative theory
suggests that the observed high metallicities of planet-host stars
are caused by late-stage accretion of gas-depleted material. In this
“pollution” or “planet-accretion” hypothesis, solid bodies (e.g.,
planetesimals or giant planet cores) migrate into the stellar at-
mosphere and enhance the stellar surface metallicity.

Theoretical calculations show that the degree of observable
metal enhancement is largely dependent on the size of the stellar
convective zone (and therefore the effective temperature), but
independent of the stellar age. Cody & Sasselov (2005) tested
the effect of planet accretion on the subsequent stellar evolution
by calculating various stellar evolution models with polluted stel-
lar atmospheres. They added metals to stellar convection zones at
various arbitrary times up to ~6 Gyr and showed that a polluted
star will reach the same equilibrium state, regardless of whether
the metal-rich material is accreted immediately or at a later time.
Their calculations suggest that polluted and thus metal-enhanced
stellar atmospheres cannot be distinguished from intrinsically
metal-rich stellar atmospheres in age—metallicity relations.

Figure 14 shows an age—metallicity scatter plot for 669 stars
with well-defined ages, including 74 planet-host stars. It should be
remembered that many planet-search programs preferentially select
metal-rich stars to optimize planet detections, thus our sample is not
expected to represent the true age—metallicity relation for solar-
neighborhood stars. Another caveat is that age is the most poorly
determined posterior parameter, thus a simple scatter plot for the
mode ages and observed metallicities is not an accurate indicator of
any possible age—metallicity relation. To see qualitatively the dis-
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Fic. 14.—Derived well-defined age vs. metallicity. Here open circles repre-
sent 74 planet-host stars with well-defined ages. An integrated age PDF is calcu-
lated from all the age posterior PDFs for each metallicity bin, in order to estimate
the age dispersion for given metallicity. The mode value and 1 o uncertainty of the
stellar age in each bin are shown for the entire sample ( filled squares) and for the
planet-host star sample (open squares). [See the electronic edition of the Supple-
ment for a color version of this figure.)

tributions of the derived ages and the observed metallicity, we have
computed a sum of the normalized age PDFs for each given met-
allicity. In Figure 14, the mode and associated 1 o uncertainties for
the integrated age PDF is presented for each metallicity bin. Within
the metallicity range [Fe/H] = —0.3-0.4, the age is nearly uni-
formly scattered around the solar age (~4.5 Gyr) in each metallicity
bin. Note that the apparent relation between the mode-ages and
metallicities is not a real trend but is an artifact of the age—mass
relation (Fig. 13) and the mass—metallicity relation (Fig. 16).

While we do not find a significant age—metallicity relation in
the planet-host star sample, this may be largely due to the lim-
itations of our analysis technique. Several other studies of the
age—metallicity relation for planet-host stars also showed little or
no variation in metallicity as a function of age (Saffe et al. 2005;
Beichman et al. 2005a; Karatas et al. 2005). The mean metal-
licity of the planet-host stars in the sample is higher by 0.12 than
that of all the stars with well-defined ages, consistent with the
analysis by Fischer & Valenti (2005). Interestingly, there are three
planet-host stars with old ages (7 > 11 Gyr) and extremely high
metallicity: HD 30177 ([Fe/H] = +0.48), HD 45350 ([Fe/H] =
+0.30), and HD 73526 ([Fe/H] = +0.27). These three stars are
all super—metal-rich late G-type stars with near solar mass, very
similar to 55 Cnc. The fact that most of the planet-host stars with
very old ages (7 > 10 Gyr) have supersolar metallicity largely
comes from observational selection effects: (1) the frequency of
planetary companions increases with stellar metallicity (Fischer
& Valenti 2005), and (2) stars with subsolar metallicity evolve
more rapidly. Metal-poor F, G, and K stars most likely already left
the main sequence before 10 Gyr and thus usually are excluded
from planet-search programs.

5.3.3. Metallicity— Convective Zone Relations

The derived mass and depth of the convective zone are plotted
against the observed metallicities in Figure 15. The noticeable
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scarcity of stars with M., > 0.05 M most likely comes from the
relative shortage of K-type stars in the sample, corresponding to
Ter <5500 K (see Fig. 12 of VF05). Pinsonneault et al. (2001)
computed the mass of convective zone for stars with masses in
the range 0.6—1.3 M, and showed that M. is a sensitive function
of the effective temperature. For example, they showed that the
convective envelopes of F stars are more than 10 times less mas-
sive than that of K stars (see also Fig. 16). The sharp decline of M,
for stars earlier than K type, combined with the relative shortage
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of K stars in the SPOCS catalog emphasizes the decrease in the
population of stars with M. < 0.05 M, in Figure 15.

The distribution of M., can be also used to test the metal-
enrichment mechanism by planet accretion. If planet accretion is
acommon phenomenon among planetary systems, we would ex-
pect an increase of maximum metallicities toward lower values
of M. because mixing of accreted material is less effective in a
thinner convective envelope. Thus, the enhanced metallicity is bet-
ter preserved for stars with less massive convective envelope. In
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Fic. 16.— Stellar mass vs. metallicity (/eff) and stellar mass vs. convective envelope mass (right) for the entire sample. The planet-host stars are marked with circles.

Note that M, starts to decrease faster for stars with masses above 1.0 M.

[See the electronic edition of the Supplement for a color version of this figure.]
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particular, if planet accretion is responsible for the high metallicities
of planet-host stars, then K dwarfs and subgiant stars should show
systematically lower metallicities, since the large convective en-
velopes of these stars completely dilute the accreted solids.

Figure 15 shows a weak positive correlation between the max-
imum [ Fe/H | and M., which is the opposite of what is expected.
The most metal-rich planet-host stars in the sample are not
F-type stars, but K or G dwarfs with larger convective zones:
HD 145675 (KO V, [Fe/H| = +0.41), HD 2039 (G2/3 IV-V,
[Fe/H] = 40.39), and HD 30177 (G8 V, [Fe/H] = +0.34).
Note that F-type stars in the sample (M = 1.2-1.5 M,,) are pref-
erentially more metal-rich, because metal-poor F stars have
shorter main-sequence lifetimes (see Fig. 16). Despite this se-
lection bias, the maximum metallicity and mean metallicities of
the F-type stars in the sample are lower than those of the G- and
K-type stars. Furthermore, all three planet-host subgiants with well-
defined ages are in fact super—metal-rich: HD 27442 ([Fe/H] =
+0.39), HD 38529 ([Fe/H] = +0.31),and HD 177830 ([Fe/H] =
+0.36). This cannot be attributed to planet-pollution mechanism
because subgiant stars develop large convective envelope in which
accreted materials are well mixed with the deeper stellar interior.
Although a larger sample of K dwarfs and subgiants would be
more desirable, these results argue against significantly greater
(>0.1 dex) pollution of the convective envelope of stars with
planets than stars without planets due to accretion of planets or
planetesimals.

5.3.4. Stellar Mass—Planetary Mass Relations

In spite of the chaotic nature of the formation and subsequent
dynamical evolutions of planetary systems, it has been suggested
that the distributions of planetary parameters may be mostly con-
trolled by several key stellar parameters. Extensive work has been
done by Ida & Lin (2004a, 2004b, 2005) in search for a determin-
istic theory of planet formation. Planet formation models can also
predict subsequent orbital evolutions of planets such as migration
or orbital decay by tidal dissipation, based on the initial configura-
tions of the protoplanets. Later evolution of planetary orbits may
also be characterized by the stellar properties. Thus, the derived
distributions of the planetary and stellar properties might indi-
cate correlations that constrain certain formation and dynami-
cal theories.

Figure 17 shows the relation between the observed planet
mass (Mp sin i) and the derived stellar mass (44.). The current
planet formation theories based on planetesimal coagulation
strongly depend on the properties of the circumstellar disk. The
growth of planetesimals is highly dependent on the surface den-
sity of the disk, thus stars with initially more massive disks are
expected to produce larger planet masses. However, the distri-
bution of the disk masses inferred from infrared observations of
T Tauri stars is not yet well constrained. The observations of dust
in protoplanetary disks indicate that the total disk mass of a solar-
type star can typically range from 10~%to 10~! M, (Beckwith &
Sargent 1996). Thus, accurate masses of protoplanetary disks can-
not be determined as a function of stellar mass for the stars of
our interest (M = 0.5-2.0 M.,).

Using extensive numerical simulations, Ida & Lin (2005)
derived a positive correlation between the characteristic plane-
tary mass and the stellar mass within the range 0.2-1.5 M. In
Figure 17 the maximum planetary masses do increase in the
same range of derived stellar masses. However, the sample of
only five systems is far too small to assert any correlation. Also
note that there is an intrinsically different population of companions
above ~13Mj, corresponding to brown dwarfs. Spectroscopic
observations show that there is a distinct absence of secondaries
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Fic. 17.—Stellar mass vs. planetary mass. For multiple-planet systems, the
combined masses of all the planets are marked with circles. The size of the circles
increases in the order of double-, triple-, and quadruple-planet systems. The
shaded region corresponds to the “brown dwarf desert.”” The two systems above
My sini = 19M;, HD 202206 and HD 168443, are probably triple systems with a
planet and a brown dwarf companion. The companion of the star HD 162020 with
a minimum mass Mp sin i = 14.4Mj is also likely a brown dwarf. The four stars
with masses >1.6 M, are evolved subgiants. [See the electronic edition of the
Supplement for a color version of this figure.]

with masses M, =~ 0.01-0.08 M, around solar-type primaries,
the “brown dwarf desert” (Halbwachs et al. 2000; Grether &
Lineweaver 2006). This suggests a completely different forma-
tion channel for planets than for brown dwarfs. Interestingly, the
three systems with total companion mass beyond 13M; in Fig-
ure 17, HD 162020, HD 168443, and HD 202206, may be the
rare candidates in which a K or G dwarf primary contains a
brown dwarf companion. The measured companion masses are,
My sini = 14.4M; (HD 162020b), 17.5M; (HD 202206b), and
16.9M; (HD 168443c) (Udry et al. 2002). HD 202206 and HD
168443 are triple systems, associated with another massive
planet, HD 202206¢ (2.44Mj) and HD 168443b (7.7M;). It has
not yet been confirmed whether these massive companions are
substellar or planetary. HD 162020b is particularly interesting, as
it has a tight orbit similar to hot Jupiters (P ~ 8 days). If it is
confirmed to be a planet, that would significantly change the
upper bound of the M,—M,; sin i distribution.

Finally, Figure 17 shows a lack of massive planets around
massive stars (M, > 1.8 M). Doppler planet detection is in-
trinsically more challenging for stars earlier than F type, and thus
the sample in this region of parameter space is fairly incomplete.
Nevertheless, radial-velocity searches should favor detections of
heavier planets. Currently ongoing planet search programs tar-
geting A—F stars (Galland et al. 2005a, 2005b) and G-K giants
(Sato et al. 2005; Hatzes et al. 2005) will fill more samples in this
region and may reveal interesting trends.

5.3.5. Stellar Properties and Planetary Orbits

Planetary orbits can still drastically evolve after the early
phase of planet formation. As a result, the distributions of orbital
parameters reflect a mixture of various long-term dynamical his-
tories as well as the initial configuration of planets, which may be
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Fig. 18.— Stellar mass vs. orbital period of planets. Multiple-planet systems
are denoted by filled circles. Planets orbiting around a component of a stellar bi-
nary are denoted by open stars. The period of 100 days corresponds to the bound-
ary observed by Udry etal. (2003) below which no massive planet (M > 2Mj) is
detected. [See the electronic edition of the Supplement for a color version of this

figure.]

partly obscured. Thus, it is quite challenging to interpret any pos-
sible relations between orbital and stellar properties.

Udry et al. (2003) pointed out a lack of massive planets
(Mp sin i > 2My) with short periods (P < 100 days) in the ob-
served sample of extrasolar planets. Interestingly, a similar void
may be observed in our stellar mass—orbital period relation. Fig-
ure 18 shows a deficit of short-period planets around massive
stars. One possible explanation for the lack of high-mass close-in
planets is that Type II migration is less effective for more massive
planets because of a larger gap-opening timescale (Trilling et al.
2002). An alternative mechanism to eliminate short-period mas-
sive planets is the orbital decay due to tidal dissipation, although
this is only effective for orbital periods <10 days (Rasio et al.
1996). Note that the five most massive stars above the void in
Figure 18 are all subgiants. As a star evolves toward the red giant
phase, it develops a deep, massive convective envelope that more
effectively dissipates the planet’s orbital energy. Rasio et al.
(1996) demonstrated that if the star 51 Peg expands to about twice
the Sun’s radius, the orbital decay timescale drastically decreases
by a factor of ~10%, and inevitably the planet will be swallowed in
the stellar envelope. Since the orbital decay time is also sensi-
tively dependent on the initial orbital semimajor axis, planets at
initially smaller distances have smaller chances of survival. Since
tidal dissipation is effective only within the range of a few stellar
radii, it cannot explain the lack of planets with intermediate orbital
periods (P = 10—100 days) around massive stars. Although the
larger probability of fast Type II migration during the formation
and later tidal orbital decay may partly explain the lack of short-
period planets around massive stars as well as the lack of short-
period massive planets, more detections of planets around young
massive stars and evolved subgiants are needed to further ex-
plore these ideas.

Figure 19 shows the orbital eccentricities of 120 extrasolar
planets (99 systems) in the sample and the derived ages of the
systems. One of the striking orbital characteristics of extrasolar

Fic. 19.— Derived stellar ages vs. orbital eccentricities of planets. Planets in
multiple-planet systems are marked in filled circles. The open stars represent
planets orbiting around a component of a stellar binary. Age uncertainties (1 o)
are shown for planets with eccentricities larger than 0.6. There is a lack of planets
with very high eccentricity (e > 0.7) and young age (7 < 4 Gyr). [See the elec-
tronic edition of the Supplement for a color version of this figure.]

planets is their high orbital eccentricities. As of 2006 May, the
mean eccentricity for 175 known extrasolar planets is 0.25, higher
than that of Mercury (0.21) or Pluto (0.24) in our solar system.
Planets formed in the standard scenario are expected to have
nearly circular orbits, thus the high eccentricities of extrasolar
planets require later eccentricity perturbation mechanisms (e.g.,
Tremaine & Zakamska 2004 and references therein).

Although there is no apparent age—eccentricity correlation
observed in Figure 19, there are a few signatures in the age—
eccentricity distribution that may indicate eccentricity evolution
ofthe planets. (1) Most of the very eccentric planets (e > 0.6) are
in single-planet systems. Two such planets are orbiting a compo-
nent of a known stellar binary (HD 80606 and 16 Cyg). (2) Most
of the very high eccentricities (e > 0.6) are observed in old sys-
tems (7 2 5 Gyr). (3) Multiple-planet systems have a wide range
of eccentricities with an upper bound around e = 0.6. Systems
with multiple giant planets of comparable masses can easily
achieve high eccentricities through dynamical instabilities (Ford
et al. 2005) or crossing orbital resonances (Lee & Peale 2002;
Kley et al. 2004). However, very high eccentricities can also lead
to orbital crossings, and the planets ending up colliding or being
ejected from the system. While a larger sample is clearly needed,
we find this particularly interesting since the planet-planet scat-
tering model (with two planets on initially circular orbits) pre-
dicts a rapid decline in the frequency of eccentricities above ~0.6
and none above ~0.8 (Ford et al. 2003). Secular perturbations
from distant companions can also evolve planetary orbits into
very high eccentricities. When a planet orbits around a compo-
nent of a wide binary system with a sufficiently large relative
orbital inclination (i 2 40°), the planet’s orbit undergoes a long-
term eccentricity oscillation with a maximum eccentricity up to
almost unity (Kozai 1962; Innanen et al. 1997; Takeda & Rasio
2005). Theoretical models show that this secular perturbation (the
“Kozai mechanism”) can likely explain the high eccentricities of
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HD 80606b (e = 0.93, Wu & Murray 2003) and 16 Cyg b (e =
0.67; Holman et al. 1997). Although the period of the eccentricity
oscillation is dependent on the semimajor axis and the eccentricity
of the binary companion, it is typically on the order of Gyr. Im-
portantly, the Kozai mechanism takes place dominantly in single-
planet systems, since mutual interaction between multiple planets
usually suppresses the secular perturbation. The four single-planet
systems in the region 7 > 9 Gyr and e > 0.6 in Figure 19, HD
20782 (e = 0.92; Jones et al. 2006), HD 45350 (e = 0.78;
Marcy et al. 2005b), HD 222582 (e = 0.76; Vogt et al. 2000), and
HD 3651 (e = 0.63; Fischer et al. 2003), are also good candidates
where secular eccentricity oscillations could have taken place.
Since the Kozai mechanism can be effective in a fairly wide bi-
nary (a > 1000 AU), it is still possible that a low-mass compan-
ion for these systems has remained undetected. The results from
ongoing searches for wide-orbit companions around extrasolar
planetary systems (Mugrauer et al. 2004; Chauvin et al. 2006) will
help resolve these questions, particularly for old single-planet sys-
tems with very high orbital eccentricities. It should also be brought
to attention that in Figure 19 there are at least a few single-planet
systems in which large (~0.6) eccentricities have been excited
within a few Gyr. Finding systems with very large eccentricities
(e= 0.8) and young ages would be a challenge for the Kozai
mechanism.

6. SUMMARY

We have calculated theoretical stellar parameters (M, 7, R,
M¢e, Ree, log g, etc.) for 1074 stars from the SPOCS catalog.
Using Bayesian analysis, we have adopted an appropriate choice
of the a priori stellar parameter distributions and computed pos-
terior PDFs for each parameter. We have provided several statis-
tical summaries for each posterior PDF, such as the median, the
mode, and various ranges of credible intervals, as well as flags
indicating those cases for which a parameter is “poorly deter-
mined.” The newly determined physical properties of the five
sample stars proved to be consistent with the previous calcula-
tions by FRS99, but the high resolutions of our stellar evolution
database provided stellar models with much smaller uncertain-
ties (§ 5.1). The complete list of the derived stellar parameters
available in the electronic version of the paper is now ready to be
used for various dynamical and formation studies of planetary
systems. Also, the computed database of stellar evolution tracks
will continue to be a useful tool for modeling extrasolar planetary
systems. For example, the precise determinations of stellar radii
applied to the large number of transit detections anticipated by
OGLE or Kepler can provide important information for the in-
terior structures of gas-giant planets.
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The uniformly analyzed physical properties of the large stellar
sample provided several interesting relations between stellar
parameters. The derived relations between convective zone mass
and metallicity of known planetary systems seem to reject the
atmospheric metal enrichment of planet-host stars caused by planet
accretion. We found no significant evidence of stellar surface met-
allicity diluted in the large convective envelope of evolved stars,
which was expected in the planet-pollution hypothesis.

The sample size of known planetary systems in the SPOCS
catalog still limits statistical analyses aiming to identify corre-
lations between stellar and planetary parameters. The sample is
mostly abundant with G dwarfs due to their strong suitability for
Doppler surveys. A greater number of K and F dwarfs and evolved
subgiants are needed to increase the leverage for identifying cor-
relations with stellar mass and radius. Nevertheless, some of the
features observed in the scattered plots in Figure 17—19 might
provide clues about the history of formation and dynamical evo-
lution in planetary systems:

1. There is a lack of close-in planets (P < 100 days) detected
around subgiant stars with masses greater than 1.5 M, (Fig. 18).
This may be an effect of small number statistics. However, it has
been demonstrated by Rasio et al. (1996) that the timescale for
orbital decay due to tidal dissipation becomes progressively shorter
as the planet-host star evolves into the subgiant phase. The five
long-period planets around subgiants may indicate that many of
the short-period planets suffer orbital decay and will eventually
be engulfed in the atmosphere of the giant stars. Current planet
searches around A—F stars and subgiant stars will help constrain
the possibilities of such dynamical processes.

2. Many of the planets with extremely high eccentricities
(e > 0.6) are discovered in old systems (Fig. 19). Most of them
are in systems with only a single known planet, and two of them
are considered very likely to have been affected by secular per-
turbations induced by a stellar binary companion. Secular orbital
dynamics are likely to be responsible for such systems, since any
impulsive perturbation can disrupt the planetary orbits in much
shorter timescales. It is of great interest to see whether the coproper
motion surveys in search for distant companions around known
planetary systems (e.g., Mugrauer et al. 2004; Chauvin et al. 2006)
will confirm, or rule out the possibilities of stellar companions
around these systems.
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