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ABSTRACT

We present a set of 109 new, high-precision Keck/HIRES radial velocity (RV) observations for the
solar-type star HD 32963. Our dataset reveals a candidate planetary signal with a period of 6.49 ±
0.07 years and a corresponding minimum mass of 0.7 ± 0.03 Jupiter masses. Given Jupiter’s crucial
role in shaping the evolution of the early Solar System, we emphasize the importance of long-term
radial velocity surveys. Finally, using our complete set of Keck radial velocities and correcting for the
relative detectability of synthetic planetary candidates orbiting each of the 1,122 stars in our sample,
we estimate the frequency of Jupiter analogs across our survey at approximately 3%.

Subject headings: Extrasolar Planets, Data Analysis and Techniques

1. INTRODUCTION

The past decade has witnessed an astounding acceler-
ation in the rate of exoplanet detections, thanks in large
part to the advent of the Kepler mission. As of this writ-
ing, more than 1,500 confirmed planetary candidates are
known7. The excitement of the modern exoplanet age is
largely driven by the discovery of low-mass, potentially-
habitable planets detected through transit observations.

Figure 1 shows a mass-period diagram of the known
planetary candidates. As is well known, three broad but
well-separated families of exoplanets that have no coun-
terpart in the Solar System populate the mass-period
diagram: (1) close-in super-Earths, (2) hot Jupiters with
P < 10 days, and (3) exo-Jupiters with P > 100 days.

At first glance, it is tempting to conclude that the So-
lar System is an outlier within the galactic exoplanet
census. Martin & Livio (2015), however, argue that
based on a number of metrics, the Solar System plan-
ets are relatively “typical”, concluding that Solar System
analogs (and, by extension, potentially life-bearing plan-
etary systems) might be common after all. They note
that the main properties that distinguish the Solar Sys-
tem from other exoplanetary systems are the absence of
very close-in terrestrial planets at P < 100 days (e.g. Chi-
ang & Laughlin 2013), and the orbital location of Jupiter
(P = 11.86 years, a = 5.2 AU, e = 0.05). They attribute
the status of Jupiter as an outlier to observational bias,
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which favors short-period planets.
Given the importance of Jupiter in the dynamical his-

tory of our Solar System, the presence of a Jupiter ana-
log is likely to be a crucial differentiator for exoplanetary
systems. The dynamical evolution of Jupiter profoundly
shaped the early history of the Solar System (see, e.g.
Morbidelli et al. 2007). Recently, Batygin & Laughlin
(2015) suggested that if Jupiter migrated inwards early
on, it would have increased the rate of collisions between
planetesimals, initiating a collisional cascade (Kessler &
Cour-Palais 1978), and effectively clearing out the inner
annulus of the Solar System (as well as potentially ex-
plaining the low mass of Mars as well; Walsh et al. 2011).
With the formation of Saturn, a mean motion resonance
with Jupiter was created, reversing Jupiter’s migration
direction. In this picture, the Solar System was then
left with Jupiter in a long-period orbit and small, gas-
starved planetary bodies in the terrestrial region. The
presence of a Jupiter-like planet in the system may also
influence the habitability of Earth analogs (e.g. Horner
et al. 2010). As a consequence, substantiating whether
Jupiter lies at the edge of the exo-Jupiter locus, or is
a typical member of an as-yet undiscovered population,
may be key to constraining the frequency of true Solar
System analogs, and, by extension, worlds like Earth.

Currently, the most prolific technique to populate the
exo-Jupiter region of the mass-period diagram is radial
velocity surveys. Unlike the transit method, which has
a strong bias for short-period orbits, the radial velocity
method can probe the outer regions of extraplanetary
systems over the bulk of the parent star’s lifetime. In
order to safely detect a planetary signal, the minimum
baseline is approximately 0.7 to 1 cycles (Wittenmyer
et al. 2011), which translates to 5 . Tminimum . 15 years
for Jupiter-like planets. This period range has become
fully accessible by established RV surveys over the past
few years. Figure 2 shows a histogram of the baseline of
the RV observations of stars. In our Keck sample alone,
there are 793 stars that have been observed for more than
5 years and 489 stars that have been observed more than
10 years.
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Fig. 1.— (Top) Period-mass diagram for the exoplanet candi-
dates known as of August 2015 (data from the Exoplanetary Data
Explorer). The box marks the region of parameters that we use to
define a Jupiter analog (0.3 <M < 3MJ and 5 < P < 20 years.
The labeled points represent Jupiter, Saturn, and HD 32963 b.
(Bottom) Period-eccentricity diagram of planets with 0.3 <M <
3MJ. We only consider planets with e < 0.3 as Jupiter analogs.
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Fig. 2.— Histogram of the RV baseline for stars in our Keck
sample. We highlight stars that have more than 10 observations
separately.

TABLE 1
Stellar parameters for HD 32963

Parameter Value Reference

Teff (K) 5727 ± 32 (Ramı́rez et al. 2013)
[Fe/H] 0.11 ± 0.05 (Ramı́rez et al. 2013)

log g 4.41 ± 0.03 (Ramı́rez et al. 2013)
Shk 0.159 ± 0.008 This work

Age (Gyr) 4.996.71
3.55 (Ramı́rez et al. 2013)

Mass (M�) 1.03 (Ramı́rez et al. 2013)
V 7.60 (Ramı́rez et al. 2013)

B − V 0.6 SIMBAD
Mbol 4.85 ± 0.09 (Porto de Mello et al. 2014)

In this paper, we report that our set of 109 veloci-
ties obtained for the star HD 32963 (spanning approx-
imately 16 years) strongly suggests the presence of a
Jupiter analog with P ≈ 2372 days (6.5 years),M≈ 0.7
MJ, K ≈ 11 m s−1, and e ≈ 0.07. The host star
can be considered a close solar analog (Porto de Mello
et al. 2014), therefore making HD 32963 a benchmark for
Jupiter analogs orbiting Sun-like stars.

Subsequently, we analyze a snapshot of our Keck sam-
ple of RV observations, and derive an occurrence rate of
Jupiter analogs (defined here to lie within the parameter
region with 5 ≤ P ≤ 15 years, 0.3 ≤ M ≤ 3MJ, and
e ≤ 0.3), corrected for the relative observability around
each of the 1,122 stars in our sample. We find an occur-
rence rate of Jupiter analogs across our sample of approx-
imately 3% for the period range spanned by our obser-
vations, consistent with previous findings (Wittenmyer
et al. 2011). Under some reasonable assumptions about
the underlying mass-period distribution of the Jupiter
analogs, we find that the occurrence rate should lie be-
tween 1% and 4%. We conclude that the position of
Jupiter on the “fringe” of the exo-Jupiter population is
likely real, and that long-period Jupiter analogs are rel-
atively rare.

The plan for the paper is as follows: in §2, we review
the stellar properties of HD 32963 and our Doppler tech-
nique. In §3, we discuss our radial velocity observations
and the 1-planet model we use to interpret the RV vari-
ations exhibited by the star. In §4, we present a simple
calculation to derive an estimate for the occurrence rate
of Jupiter analogs. In §5, we discuss the HD 32963 sys-
tem in light of the broader exoplanetary population and
conclude.

2. STELLAR PARAMETERS

HD 32963 (HIP 23884) is a bright (V = 7.6) star8.
Given Porto de Mello et al. (2014) included this star in
their study of nearby stars exhibiting similarities in their
stellar parameters to those of the Sun. Using photomet-
ric and spectroscopic observations, Ramı́rez et al. (2013)
derivedM≈ 1.03M�, effective temperature Teff ≈ 5727
K, and age ≈ 4.9 Gyr. Stellar parameters are reported
in Table 1.

In order to evaluate the level of stellar activity, we
obtained Mt. Wilson S-index values for each radial ve-
locity observation. The S-index measures the ratio of

8 We note that the spectral type of HD 32963 is reported as
G5IV on the SIMBAD stellar database; however, the values of Teff
and log g derived by Ramı́rez et al. (2013) and Porto de Mello et al.
(2014) are not consistent with this classification.
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Fig. 3.— The median S value for the stars in the current Keck
sample. HD 32963 is shown in red. The size of the points is
proportional to the number of observations.

-0.2

-0.1

0.0

0.1

-100 -50 0 50 100
Lag (observation record)

C
or
re
la
tio
n

-10

0

10

0.11 0.12 0.13 0.14 0.15 0.16
S-index

V
el

oc
ity

 [m
 s
-1
]

2000

2005

2010

Year

Fig. 4.— (Top) Correlation plot for RV data points and their
associated S-index values. We compute the Pearson correlation
cofficient between values, shifted by the specified lag in observation
index. The shaded area marks the 95% confidence interval for the
Pearson correlation coefficient, estimated using sets of white noise
data. (Bottom) Scatter plot of the Keck radial velocity data and
their associated S-index value.

flux from 1Å bins surrounding the line centers of the Ca
II H& K lines (at 3968.47Å and 3933.66Å), as compared
to two broader 25Å bandpasses at 250Å to either side
of the Ca II H& K line location. The S-index is consid-
ered a proxy for chromospheric stellar activity, since it is
correlated with the spot activity on the stellar surface.
In turn, spots suppress radial velocity shifts due to con-
vection, leading to a potential correlation between the
S-index and RV measurements and a long-term Doppler
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Fig. 5.— Periodogram of the Mt. Wilson S-index values associ-
ated with our Keck spectra of HD 32963.

signal. This Doppler signal may have amplitude and pe-
riodicity mimicking the Keplerian signal from a distant
planet. Therefore, we check for correlations between the
S-index and the RV measurements as a standard step
to identify stars with an ongoing magnetic cycle (Boisse
et al. 2011).

Figure 3 shows the median S value for the stars in the
Keck sample. Isaacson & Fischer (2010) estimated a rel-
atively low stellar jitter of approximately 2.615 m s−1(in
this case, jitter is defined as the difference in quadrature
between the RMS of the velocities and the instrumental
uncertainties). The top panel of Figure 4 shows a corre-
lation plot of the radial velocity observations and their
S-index values. The correlation is computed at differ-
ent values of observational lag (a lag of 0 corresponds to
the same epoch for each RV and S-index observation).
There does not appear to be any significant degree of
correlation. Finally, we note that the Lomb-Scargle pe-
riodogram of the S-index observations shown in Figure
5 does not show any strong periodicity in the data (the
strongest peak at 1,282 days has a false alarm probability
of ≈ 14%).

Based on the lack of strong periodicities in the S-index
time series and of any significant correlation with the RV
observations, we conclude it is unlikely that the K ≈
10 m s−1 is due to stellar activity.

2.1. Keck/HIRES RV observations

We used the HIRES spectrometer (Vogt et al. 1994)
of the Keck-I telescope for all the RV observations pre-
sented in this paper. Doppler shifts were obtained with
the usual technique of impressing an iodine absorption
spectrum on top of the collected light from the observed
star (see e.g., Vogt et al. 2014; Burt et al. 2014; Vogt
et al. 2015, and others).

Table 2 shows the complete set of our RV observa-
tions for HD 32963. Our dataset comprises 199 measure-
ments over approximately 16 years (5838 days), binned
into 109 measurements using 2-hour binning. The me-
dian formal uncertainty of the binned RV measurements
is ≈ 1.2 m s−1, with a velocity scatter of ≈ 8 m s−1.
Figure 6 presents the 109 individual Keck observations.

3. BEST-FIT KEPLERIAN MODEL

In order to ascertain the presence of periodic signals
in the data, we computed the error-weighted, normal-
ized Lomb-Scargle periodogram (Zechmeister & Kürster
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TABLE 2
Radial Velocity observations (sample)

Time Date RV Uncertainty
[BJD] [ m s−1] [ m s−1]

2450837.79 1998-01-24 0.31 1.27
2451072.14 1998-09-15 -8.66 1.50
2451172.89 1998-12-25 -5.51 1.36
2451227.78 1999-02-18 -9.04 1.54
2451543.98 1999-12-31 2.35 1.34
2451552.86 2000-01-09 -5.69 1.41
2451900.03 2000-12-21 5.60 1.22
2452238.90 2001-11-25 7.99 1.36
2452536.14 2002-09-18 14.98 1.56
2452601.97 2002-11-23 13.64 1.55
2452899.08 2003-09-16 7.66 1.59
2453017.82 2004-01-13 -0.53 1.60
2453071.82 2004-03-07 2.84 1.45
2453072.85 2004-03-08 -3.23 2.23
2453303.01 2004-10-24 -0.82 1.35
2453400.91 2005-01-30 -3.59 1.21
2453985.04 2006-09-06 5.73 1.12
2454130.78 2007-01-30 4.35 1.28
2454399.04 2007-10-25 15.01 1.50
2454490.84 2008-01-25 12.48 0.99
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Fig. 6.— Keck RV observations for HD 32963. The dataset
spans approximately 16 years.

2009), shown in the top panel of Figure 7. The three hor-
izontal lines in the plot represent different levels of false
alarm probability (FAP; 10%, 1% and 0.1%, from bot-
tom to top, respectively). The FAPs were computed by
scrambling the dataset 100,000 times and sampling the
periodogram at 50,000 frequencies, in order to determine
the probability that the power at each frequency could
be exceeded by chance (e.g. Marcy et al. 2005). The
bottom panel of Figure 7 shows the spectral window,
displaying the usual peaks due to observational cadence,
arising from the sidereal and solar days, the lunar month,
and from the solar year (Dawson & Fabrycky 2010).

The tallest peak at ≈ 2381.04 days has a FAP <
2 × 10−5, much lower than the usual threshold for dis-
covery (≈ 10−3 − 10−4). Our procedure for modeling
the signal is the same as that employed in Vogt et al.
(2015); here, we briefly repeat the salient parts. We
fit the radial velocities with a 1-planet Keplerian model,
wherein we vary a vector of parameters consisting of the
orbital elements (period, mass, mean anomaly, eccentric-
ity and longitude of pericenter). An additional term s is
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Fig. 7.— (Top) Error-weighted Lomb-Scargle periodogram for
HD 32963. False-alarm probability levels are shown at the 10%,
1% and 0.1% level. (Bottom) Spectral window function.

added in quadrature to the fixed, per-measurement ob-
serving errors ei in order to model additional sources of
scatter (e.g. underestimated measurement errors, stellar
jitter, and other astrophysical sources of RV variation).
The best-fit parameters optimize the log-likelihood of the
model:

logL = −1

2

[
χ2 +

No∑
i=1

log(e2
i + s2

i ) +No log(2π)

]
, (1)

where

χ2 =

No∑
i=1

(Vi − vi)2/(e2
i + s2

i ) , (2)

and Vi and vi are the predicted and observed radial ve-
locity measurements at time ti.

A simple Markov-Chain Monte Carlo algorithm
(MCMC; e.g. Ford 2005, 2006; Gregory 2011) was used
to derive the marginal distribution of the parameters of
the model. The output parameters sample the posterior
probability density given by Equation 1 and flat priors
on log P , log M, and the other orbital parameters.

The final best-fit model is shown in Figure 8. Our
model strongly indicates the presence of a single planet
candidate (HD 32963b) with P ≈ 2372 days (6.5 years,
a ≈ 3.41 AU) and M ≈ 0.7MJ. The planet’s eccen-
tricity is very low (e ≈ 0.07) and consistent with 0. We
note that there is a small linear trend in the residuals
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Fig. 8.— (First) Best-fit Keplerian model. The gray bands
indicate the range of RV response spanned by the model. (Second)
RV residuals. (Third) RV observations phased to the best-fit period
of planet b. (Fourth) Lomb-Scargle periodogram of the best-fit
residuals.

2451000 2453000 2455000

-5
0

5
10

Time [BJD]

R
es

id
ua

ls
 w

ith
ou

t t
re

nd
 [m

/s
]

Fig. 9.— RV residuals for model that does not include a linear
trend parameter. The best-fit linear trend is superimposed as a
dashed line.

TABLE 3
HD 32963 planetary parameters (median and mean

absolute deviation)

HD 32963 b

Period [days] P 2372 [26]
Mass [Mjup] M sin i 0.70 [0.03]

Mean anomaly [deg] M 18 [34]
Eccentricity e 0.07 [0.04]

Longitude of pericenter [deg] $ 107 [35]
Semiamplitude [ms−1] K 11.1 [0.4]
Semi-major axis [AU] a 3.41 [0.02]

Periastron passage time [JD] Tp 2450532 [324]
Jitter [ms−1] s 2.4 [0.2]

Linear trend [ms−1 year−1] 0.22 [0.07]

Stellar mass [M�] 0.94
RMS [ms−1] 2.64

Epoch [JD] 2450837.7941
Data points 109

Span of observations [JD] 2450837.79 (Jan 1998)
2456675.91 (Jan 2014)

(≈ 0.22 m s−1 year−1), which is fitted together with the
planet’s orbital parameters.

The MCMC algorithm yields a set of fit parameters
that sample the posterior distribution. We summarize
these distributions by reporting the median and median
absolute deviation (MAD) for each parameter in Table
3. We also show the marginal distribution of the model
parameters in Figure 10, and a full pairs correlation plot
in Figure 12.

The bottom panel of Figure 8 shows the Lomb-Scargle
periodogram of the residuals for the best-fit model. None
of the peaks in the residuals periodogram is significant
(FAP > 0.2).

4. THE OCCURRENCE RATE OF JUPITER ANALOGS

4.1. A working definition

The set of RV observations taken with Keck/HIRES,
with its relatively uniform biases, long-term monitoring
of hundreds of stars, and low formal uncertainties, of-
fers a unique opportunity to probe the occurrence rates
of long-period planets. In particular, we are looking to
understand the frequency of exoplanets with properties
similar to our own Jupiter and HD 32963b.

The first difficulty arises from establishing a definition
for a “Jupiter analog”. This is a difficult and somewhat
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Fig. 10.— Marginal distributions of the orbital elements, drawn
from 200,000 Markov-Chain Monte Carlo samples. The red dots
mark the set of parameters with the highest likelihood.

arbitrary task, since we do not have a full grasp of the
population of exoplanets with P > 10 − 15 years. We
are interested in choosing orbital parameters such that,
conceivably, planets falling in the parameter region cho-
sen will play a similar dynamical role to Jupiter for their
planetary system.

We approximately center our region of interest on
Jupiter’s parameters. Firstly, we chose to limit periods
to the range between 5 and 15 years, between 3 and 6
AU for a solar-mass star (Pjup ≈ 11.86 years, ajup ≈ 5.2
AU). The inner limit corresponds to the approximate lo-
cation of the classical ice line. This range should roughly
correspond to planets which formed close to the ice line
and did not migrate more than a few AUs. The mass
of Saturn (0.3 MJ) provides a natural lower bound for
mass. We thus choose to limit our definition of Jupiter

1 AU

Fig. 11.— Orbital plot of the 1-planet model. The best-fit orbit
is shown in red; 1,000 samples from the Markov-Chain Monte Carlo
run are shown.

analogs to the 0.3-3MJ mass range (i.e. within a factor
of 3 of Jupiter’s mass). Finally, we require the eccentric-
ity to be small (e < 0.3), an indication that the system
did not undergo a period of strong dynamical instability
after the dissipation of the protoplanetary disk.

Table 4 shows a list of known exoplanets that satisfy
the above requirements, as listed by the Exoplanet Data
Explorer in August 2015 (Wright et al. 2011a). The ta-
ble also contains HD 219134 g (Vogt et al. 2015) and
HD 32963 b. We excluded any star with an unpublished
planet from the list.

4.2. Numerical method

In this paper, we limit ourselves to a simplistic,
yet straightforward re-derivation of occurrence rates for
Jupiter analogs, following Wittenmyer et al. (2011).

Our database of RV observations consists of 1,122
stars. In order to establish the number of Jupiter analogs
that are detectable using our Keck data alone, we first
fit each of the datasets individually, using an automatic
fitting procedure analogous to that presented in Section
3. This procedure yielded 8 Jupiter analogs (a raw fre-
quency of 0.71%; HD 134987 c is excluded because of the
baseline requirement).

For each star, we computed synthetic datasets to de-
rive the detectability of planetary signals. We created
synthetic planetary signals over a uniform grid in logP ,
logM, M , e, and $ combinations. Looping over the
grid generates 320,000 planetary signals, which sample
20 values for logP , logM and M , 10 values for $, and
4 values for e (0, 0.1, 0.2, 0.3). Each of the 320,000 syn-
thetic datasets is created by computing the Keplerian RV
response at the observation times. We then degrade the
observations by adding noise. The noise is derived by
considering the residuals from the best-fit (a proxy for
the residual noise), scrambling them, and adding them
to the synthetic RV datasets. We also sample the uncer-
tainty associated with each timestamp to add additional
noise to the data.
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Fig. 12.— Correlation diagram of the orbital elements, drawn from 200,000 Markov-Chain Monte Carlo samples. The red dots mark
the set of parameters with the highest likelihood.

We then attempt to verify whether the synthetic
planet is observable by evaluating the Lomb-Scargle pe-
riodograms of each synthetic dataset. We require the
peak corresponding to the synthetic planet’s period to
have a false alarm probability < 0.1% (computed ana-
lytically; Baluev 2008), and to match the original pe-
riod within a 27% relative tolerance (Wittenmyer et al.
2011). We flag a synthetic planet as not detected if the
above condition is not satisfied, or if the dataset has less
than 10 points, or if the observation baseline is shorter
than 1 cycle. Finally, we compute the detectability at
each (logP, logM, e) combination by averaging over the
phases. The final output of this procedure is a recovery
rate fijk = f(Pi,Mj , ek) for each star. Each element of
f varies between 0 (a planet at the given period, mass,
and eccentricity would never be detected from the avail-
able data) and 1 (a planet at the given period, mass, and
eccentricity would always be detected).

Figure 13 shows the completeness rate for circular or-

bits. The completeness is given by

fC(Pi,Mi, ei) =
1

N

N∑
j=1

fj(Pi,Mi, ei) , (3)

i.e. the detection frequency averaged over all the stars in
our sample. The value for each cell can be interpreted as
the fraction of planets that would be detected, if every
star in the sample hosted a planet at the cell’s period
and mass. The median recovery rate is ≈ 19% over the
detectable period range (5-18 years), and ≈ 22% over the
period range for Jupiter analogs (5-15 years).

4.3. Results

We calculate the approximate frequency of Jupiter
analogs for the Keck sample by considering the planets
detected, and correcting for the expected completeness
at their location in the (P , M, e) space. The frequency
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Name Keck? Period M sin i Eccentricity Reference
[years] [MJ]

HD 25171 b 5.05 0.96 0.08 Moutou et al. (2011)
HD 37124 d 5.10 0.69 0.16 Wright et al. (2011b)
GJ 849 b 5.15 0.83 0.04 Bonfils et al. (2013)
HD 11964A b X 5.32 0.61 0.04 Wright et al. (2009a)
HD 70642 b 5.66 1.91 0.03 Butler et al. (2006)
HD 89307 b 5.93 1.79 0.20 Fischer et al. (2009)
HD 219134 g X 6.15 0.34 0.06 Vogt et al. (2015)
HD 32963 b X 6.48 0.67 0.08 this work
47 UMa c 6.55 0.55 0.10 Gregory & Fischer (2010)
HD 290327 b 6.69 2.55 0.08 Naef et al. (2010)
HD 50499 b X 6.72 1.74 0.25 Vogt et al. (2005)
HD 6718 b 6.83 1.56 0.10 Naef et al. (2010)
HD 117207 b X 7.11 1.82 0.14 Butler et al. (2006)
HD 154345 b X 9.15 0.96 0.04 Wright et al. (2008)
GJ 832 b 9.35 0.64 0.12 Bailey et al. (2009)
HD 154857 c 9.45 2.58 0.06 Wittenmyer et al. (2014)
HD 187123 c X 10.43 1.94 0.25 Wright et al. (2009b)
HD 222155 b 10.95 2.03 0.16 Boisse et al. (2012)
mu Ara c 11.51 1.89 0.10 Pepe et al. (2007)
HD 13931 b X 11.55 1.88 0.02 Howard et al. (2010)
HD 134987 c X 13.69 0.80 0.12 Jones et al. (2010)

TABLE 4
List of published Jupiter analogs
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Fig. 13.— Survey completeness for circular orbits, given by
averaging the detection frequencies over all the stars in the Keck
dataset at the given period and mass. The grey area indicates
periods longer than the baseline of the RV dataset (P > 18 years).
The black dots mark the Jupiter analogs detected in the Keck
sample.

is given by

FJup =
1

N

Nhosts∑
i=1

1

fi(Pi,Mi, ei)fC(Pi,Mi, ei)
(4)

(Wittenmyer et al. 2011). In Equation 4, f is the recov-
ery rate at the given period, mass, and eccentricity of
the i-th observed Jupiter analog, and Nhosts and N are
the number of stars hosting a Jupiter analog (9) and the
total number of stars (1,122), respectively. Summed over
the 8 detected Jupiter analogs, we get Fjup ≈ 3.0%.

In order to compute credible intervals for the occur-
rence rate, we used an alternative approach based on
a simple Monte Carlo calculation. We draw NJup ran-
dom parameter triplets for Jupiter analogs (comprising
period, mass, and eccentricity), assign them to random
stars in the sample, observe them with probability given
by the recovery rate f , and finally require that the out-
put number of observed Jupiter analogs be NJup, obs = 8.

10% Median 90%

Equation 4 3.3%

α = 0, β = 0 1.1% 1.55% 3.5%
α = −0.31, β = 0.26 1.3% 2.0% 4.2%

TABLE 5
Frequency of Jupiter analogs

For each input set of size NJup, only a fraction will be
compatible with the observed number of planets, yielding
a broad distribution of FJup. This approach has the ad-
vantage of yielding credible intervals for the occurrence
rate of Jupiter analogs.

In order to draw the triplets, we consider a uniform
distribution between 0 and 0.3 for eccentricity, and a
period and mass distribution given by

dN

d logM d logP
= N0MαP β (5)

We consider two sets of α and β: a distribution that
is flat in logP and logM (α = β = 0), and the values
derived by Cumming et al. (2008) by fitting the observed
distribution (α = −0.31, β = 0.26). The distributions
yielded by our approach are shown in Figure 14, and
the 10%-90% intervals are reported in Table 5. We find
that the frequency rate of Jupiter analogs in our sample,
based on this calculation, is likely no less than ≈ 1%,
and no more than ≈ 4%.

5. DISCUSSION

The Copernican principle (Bondi 1952) impresses the
expectation that Earth, its position, and the architecture
of the Solar System are not unusual, and by extension,
it implies that Jupiter analogs are common. Seen from
afar, Jupiter is the most detectable planet in the solar
system (using either direct imaging, Doppler velocity, or
astrometric monitoring). As a consequence, early specu-
lative discussions of planet searches (Black 1980), as well
as early detection efforts (Campbell et al. 1988) focused
on detecting planets with masses and orbits similar to
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Fig. 14.— Occurrence rate distributions for two different sets of
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Jupiter. Observations have shown that giant planets oc-
cur within the full range of available parameter space,
yet, the Copernican principle continues to strongly influ-
ence thinking. For example, there is little direct evidence
that long-distance disk migration produces hot Jupiters,
but the theory maintains its impetus in part because of
the expectation that Jupiter-like planets should form at
Jupiter-like distances beyond the protostellar “ice line”
(Pollack et al. 1996).

Notwithstanding the detection of a new Jupiter-like
planet on a Jupiter-like orbit around HD 32963, our
analysis of over 1000 stars observed at Keck with preci-
sion Doppler spectroscopy suggests that Jupiter analogs
have an occurrence rate of ∼3% within our sample.
Because of the gradual rate of data accrual for long-
period candidate planets, this result adds further weight
to a consensus that has been emerging for some time.
Cumming et al. (2008) analyzed 585 stars in the Keck
Planet Search with N > 10 velocities (representing an
8-year subset of the data used in this study), and found
an occurrence rate of less than 10.5% for planets with
0.3MJ < MP < 10MJ and P < 2000 days; when ex-
trapolated out to 20 AU, they also estimated an occur-
rence rate of ≈ 3%. Gould et al. (2010), using the results
of microlensing surveys, estimated a frequency f ∼ 1/6
of systems orbiting M? ∼ 0.5M� stars that resemble the
outer solar system (in that they contain planets with ice-
giant masses and above in the region a ∼ 3.5AU. Wit-
tenmyer et al. (2011), working with data obtained at the
Anglo-Australian Telescope, found that approximately
3%, and no more than 37%, of stars host a giant planet
between 3 and 6 AU from the parent star. Our result is
consistent with all of these studies.

The relative paucity of Jovian planets with orbital
periods of several thousand days has several seemingly
straightforward implications. First, it could indicate
that the migration of giant planets from beyond the ice
line of the protoplanetary disk is indeed efficient, and
that whenever Jupiter-mass planets form at a ∼ 5 AU,
they have little chance of staying there. In this view,
the Grand Tack scenario (Walsh et al. 2011) provides
an explanation for Jupiter’s current location by posit-
ing that the establishment of a 3:2 mean-motion reso-
nance with Saturn fortuitously compelled Jupiter to re-
turn to the vicinity of its formation zone. Alternately,
it might be difficult to fully complete core accretion at

a ∼ 5 AU in a typical protostellar disk. Accretion cal-
culations (e.g. Hubickyj et al. 2005) suggest that proto-
giant planet cores require disks with a high surface den-
sity of solids in order to form quickly enough to initiate
rapid gas accretion within the confines of a typical disk
lifetime. High-metallicity disks have higher surface den-
sities of solids, and are presumably associated with high
metallicity stars. This correlation is likely the source of
the giant-planet stellar metallicity connection (Gonzalez
2008; Santos et al. 2001; Fischer et al. 2005), and sug-
gests that true Jupiter analogs might be common only
among stars within a particular metallicity range.

Long-running radial velocity programs such as the
Keck survey will continue to play a vital role in deter-
mining the architectures of the outer planetary systems
orbiting nearby solar-type stars. Our work indicates that
substantial efforts are still required to see a majority
of Jupiter-like planets, despite the seemingly impressive
K = 12 ms−1 radial velocity half-amplitude that Jupiter
induces in the Sun). Substantially more concerted ef-
forts will be required to probe the frequency and orbital
properties of ice giants with P > 2000 days. The planet
Neptune, for example, if placed at 5 AU, would induce a
mere 64 cm s−1 signal. While potentially feasible, detec-
tions of such planets will require an excellent understand-
ing of all sources of systematic error, both ground-based
and astrophysical.
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