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ABSTRACT

We report the detection of three new exoplanets from Keck Observatory. HD 163607 is a metal-rich G5IV star with
two planets. The inner planet has an observed orbital period of 75.29± 0.02 days, a semi-amplitude of 51.1±
1.4 m sŠ1, an eccentricity of 0.73± 0.02, and a derived minimum mass ofMP sini = 0.77± 0.02MJup. This is
the largest eccentricity of any known planet in a multi-planet system. The argument of periastron passage is 78.7±
2.� 0; consequently, the planet’s closest approach to its parent star is very near the line of sight, leading to a relatively
high transit probability of 8%. The outer planet has an orbital period of 3.60
163607 and HD 164509 are constant in brightness to submillimagnitude levels on their RV periods. This provides
strong support for planetary re�ex motion as the cause of the RV variations.
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1. INTRODUCTION

Over the past 15 years, more than 500 extrasolar planets
have been detected in radial velocity (RV), transit, microlens-
ing, and most recently, imaging surveys (http://exoplanet.eu,
http://exoplanets.org). In step with these discoveries, planet for-
mation theories have made use of the observational constraints
imposed by the ensemble of exoplanets (Ford & Rasio2008).
Correlations have been uncovered between parameters such as
the chemical composition and mass of host stars and the prob-
ability of planets (Fischer & Valenti

(Chatterjee et al.2008; Juríc & Tremaine2008). Among transit-
ing exoplanets where the Rossiter–McLaughlin (R-M) effect has
been measured, approximately one-third seem to be misaligned
(Triaud et al.2010; Winn et al.2010; Simpson et al.2010). Most
of these transiting systems have low eccentricity orbits; only four
known transiting systems have eccentricities greater than 0.4:
HD 17156 (Fischer et al.2007; Barbieri et al.2007), HD 80606
(Naef et al.2001; Fossey et al.2009; Moutou et al.2009),
HAT-P-2 b, (Bakos et al.2007), and CoRoT-10b (Bonomo
et al.2010). UsingKeplerdata, Lissauer et al. (2011) �nd that
nearly coplanar multi-planet systems of low-mass planets in
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Figure 1. Phase-folded radial velocities for HD 163607b, the inner planetary
companion in this system, which has an orbital period of 75.29 days. The
theoretical velocities from the outer planet have been subtracted from the
observations and the curve shown is the best-�t model for this system.
(A color version of this �gure is available in the online journal.)

Table 3
Orbital Parameters for the Three Planets Described in This Work

Parameter HD 163607b HD 163607c HD 164509b

P (days) 75.29± 0.02 1314± 8 282.4± 3.8
TP(HJDa) 14185.00± 0.24 15085± 880 15703± 30
tC(HJDa) 15841.59± 0.24 17074± 15 15498± 22
e 0.73± 0.02 0.12± 0.06 0.26± 0.14
� 78.7± 2.0 265± 93 324± 110
K (m s−1) 51.1± 1.4 40.4± 1.3 14.2± 2.7
a (AU) 0.36± 0.01 2.42± 0.01 0.875± 0.008
M sini (MJup) 0.77± 0.04 2.29± 0.16 0.48± 0.09

� (m s−1) −15.7± 0.5 8.9± 2.1
dvdt(m s−1 year−1) 0 −5.1± 0.7
Nobs 51 41
Jitter (m s−1) 2.6 3.2
rms (m s−1) 2.9 4.9
� 2

� 1.03 2.04

Note.a HJD −2,440,000.

The Bootstrap MC routine, similar to the routine employed
to calculate the FAP described in Section2, subtracts the best-
�t model from the velocities, scrambles the residuals and their
associated uncertainties, adds them back to the model and re�ts.
The uncertainties quoted in this section and listed in Table3
come from 103 realizations of this Bootstrap MC routine.

The inner planet has a best-�t period,P, of 75.29± 0.02 days
and velocity amplitude,K, of 51.1 ± 1.4 m s−1. The best-
�t eccentricity, e, for this planet is 0.73 ± 0.02. Assuming a
stellar mass of 1.09M�, the derived minimum planet mass
is MP sini = 0.77 ± 0.04 MJup. The high eccentricity and
favorable argument of periastron passage� , conspire to increase
the probability of transit to 8%; much larger than it would have
been if the inner planet was in a circular orbit. The observed
RVs for the inner planet as a function of orbital phase are shown
in Figure 1. In this �gure, the Keplerian model for the outer
planet has been removed and the Keplerian model for the inner
planet is plotted as the solid line.

The outer planet, HD 163607c, has a best-�t period,P, of
1314± 8 days, a velocity semi-amplitude of 40.4± 1.3 m s−1,
and an eccentricity,e, of 0.12 ± 0.06. The derived mass is

Figure 2. Radial velocities for HD 163607 with the theoretical velocities for
the inner planet removed from the observations. The curve shown is the best-�t
Keplerian model for HD 163607c.
(A color version of this �gure is available in the online journal.)

2.29 ± 0.16 MJup and the semimajor axis of the orbit is
2.42 ± 0.01 AU. In Figure2, the Keplerian model �t to the
data for HD 163607c is shown with the inner planet subtracted
from the Doppler measurements. Markov Chain Monte Carlo
(MCMC) simulations to con�rm our calculation of the best-
�t orbital parameters were carried out using the methods
of Hou et al. (2011), and the resulting posterior probability
density functions (PDFs) for several orbital parameters can be
seen in Figure3. There was excellent agreement between the
MCMC results and the frequentist approach usingKFME. The
orbital parameters of both planets obtained usingKFME are
summarized in Table3.

Similar to the scrambled velocitiesmethod described in
Marcy et al. (2005), the FAPs for each planet were estimated by
creating 104 synthetic data sets by drawing, with replacement,
velocities and their associated errors from the data, and placing
these at the actual observation times. A Levenberg–Marquardt
least-squares minimization to a Keplerian model was then
performed for each synthetic data set, and the� 2

� distributions
for both planets orbiting HD 163607 are shown in Figure4. The
� 2

� for the unscrambled data set is indicated by the downward
pointing arrow in each plot, which is much lower than the
� 2

� of any of the 104 scrambled velocities for both planets in
this system. This results in a FAP of� 0.01%, indicating that
the observed signal is not due to noise, but rather a coherent
periodicity that is well �t with a Keplerian model.

4.2. Transit Prediction

The proximity of hot Jupiters to their host stars results in an
increased transit probability compared to longer period planets.
Although the orbital period of HD 163607b is 75 days, the high
orbital eccentricity moves the planet close to the star during
periastron passage. Since the periastron passage of HD 163607b
is serendipitously oriented very close to our line of sight,
the probability of transit is much larger than it would be if
the planet was in a circular orbit. To illustrate this point, the
orbital con�guration for HD 163607b is shown in Figure5. The
calculation of the time of center transit, ingress, and egress
are particularly helpful for planning photometric follow-up
for longer period planets. Below we describe a technique for
calculating parameters to aid in photometric follow-up.
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Figure 5.View of the HD 163607b planetary orbit. The direction of the observer
is indicated in the bottom of the illustration. The dots indicate the ingress and
egress for the primary and secondary transits.

4.2.1. Transit Center, Probability, and Duration

The termtime of center transit, tc, as de�ned here is the time
when the planet is nearest the center of the disk of its parent
star as seen from Earth. We calculatedtc by using the best-�t
orbital parameters to produce an array of Cartesian coordinates,
giving the position of the planet relative to the host star in the
inclination-projected orbital plane. The inclination-projected
orbital plane was then rotated into the plane de�ned by the
Earth, ascending and descending nodes using the Thiele-Innes
coordinates. The ingress and egress were then derived using the
coordinates where the planet entered and exited the disk of the
parent star. The true anomaly corresponding to each position
can then be found and in turn the mean anomaly calculated.
The mean anomaly,M, can then be used to �nd the time since
periastron passage using Equation (1):

t =
P M
2�

, (1)

where P is the orbital period,M is the mean anomaly, and
t is the time since periastron passage. Finding the difference
in the mean anomalies for egress and ingress gives the transit
duration,td. The transit center is then given by Equation (2):

tc = t + TP . (2)

Analytically, the time of central transit follows from the
de�nition of the true anomaly and the argument of periastron,
as described by Tingley & Sackett (2005); Kane (2007); Kane
et al. (2009). The probability that the planetary companion will
transit is given by Charbonneau et al. (2007) and is reproduced in
Equation (3). The last factor in square brackets in this equation
shows that HD 163607 is 3.7 times more likely to transit its
parent star than if it were in a circular orbit with the same

Figure 6. Probability of transit versus orbital period for the known distribution
of exoplanets. The solid line is the probability for a circular orbit of a Jupiter
radius planet around a one solar radius star. The �lled circles represent planets
detected through the radial velocity method that have not been observed to
transit. The open circles represent planets that are known to transit and the star
symbol represents HD 163607b.
(A color version of this �gure is available in the online journal.)

semimajor axis:

P = 4.5 × 10Š3
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(3)
In Equation (3), a is the semimajor axis,R� is the radius

of the star,Rpl is the radius of the planet,e is the eccentricity
of the orbit, and� is the argument of periastron passage, which
is the angle between the ascending node and the position of the
planet at periastron. Figure6 shows the probability of transit for
the known distribution of planets when taking the eccentricity
and argument of periastron passage into account. The solid line
shows the probability of transit as a function of orbital period
for a Jupiter radius exoplanet transiting a solar radius star in a
circular orbit. The �lled circles are planets that have only been
detected through the RV method and the open circles are planets
that have been observed to transit their parent stars. For both the
�lled and un�lled circles, the parent star’s radius is set to solar
and each planet’s radius is set to the radius of Jupiter. The blue
star shows where the inner companion orbiting HD 163607 falls
on this plot, illustrating how the favorable orientation and high
eccentricity enhance the probability of transit.

Using the equations described in this section we calculated
the next time of center transit to betc = 2455841.59± 0.24 UT,
the duration is roughly 5 hr, the depth is� 0.4% (� 4 mmag),
and the probability of transit is 8% for HD 163607b. The un-
certainty intc is determined while calculating the uncertainty
in the orbital parameters. A Bootstrap MC routine is employed
that subtracts the best-�t Keplerian model, scrambles the resid-
uals and their associated errors, adds these residuals back to the
theoretical curve and re�ts. The new best-�t orbital parameters
are then used to determinetc. The standard deviation of the re-
sulting tc array after 103 realizations is what is stated for the
uncertainty intc. The predicted transit window is de�ned in this
work as the time between ingress and egress plus or minus one
sigma. None of our RV spectroscopic observations happened to
fall within the predicted transit window.
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Table 5
Radial Velocities for HD 164509

JD RV � RV SHK

Š2,440,000 (m sŠ1) (m sŠ1)

13570.8176 0.87 1.47 0.187
13576.0255 16.38 1.56 0.180
13576.8579 14.03 1.43 · · ·
14251.0462 4.61 1.28 0.179
14318.8554 27.68 1.14 0.182
14339.7544 20.51 1.25 0.184
14343.8855 21.89 1.16 0.183
14633.9129 12.49 1.33 0.183
14634.8953 12.71 1.37 0.184
14635.9216 10.06 1.28 0.183
14637.0538 3.71 1.36 0.183
14637.9282 11.22 1.22 0.182
14638.9721 5.64 1.29 0.182
14639.9825 4.53 1.18 0.180
14641.9386 4.27 1.36 0.179
14644.0757 3.78 1.45 0.178
14674.8405 4.47 1.29 0.183
14688.8406 Š7.39 1.36 0.182
14930.0681 7.13 1.38 0.192
14930.0700 5.49 2.16 0.188
14956.1303 Š0.07 1.27 0.189
14964.0480 6.96 1.23 0.189
14985.1079 Š1.27 1.47 0.190
15016.9568 Š16.55 1.27 0.188
15019.0135 Š18.16 1.50 0.186
15041.9070 Š10.20 1.33 0.187
15043.7946 Š11.64 1.37 0.187
15048.7836 Š14.61 1.41 0.188
15077.7308 Š11.39 1.18 0.182
15106.7446 2.18 1.29 0.183
15135.7359 8.32 1.33 0.185
15229.1718 Š1.50 1.32 0.186
15232.1564 Š9.79 1.29 0.180
15256.1429 Š17.10 1.25 0.172
15286.1172 Š14.85 1.29 0.185
15350.9342 Š15.92 1.19 0.185
15380.7878 Š13.97 1.37 0.179
15455.7291 3.08 1.21 0.182
15486.7349 Š4.27 1.30 0.181
15500.7174 1.43 1.28 0.182
15521.6869 Š12.83 1.46 0.178
15522.6823 Š15.26 1.42 0.178
15607.1406 Š24.51 1.25 0.183
15636.1381 Š9.79 2.91 0.179
15668.0865 Š17.46 1.14 0.178
15669.0153 Š14.03 1.27 0.176
15671.0647 Š7.97 1.34 0.177
15701.1294 3.91 1.37 0.178
15723.9194 3.25 1.42 · · ·

FAP of HD 164509b, and the downward pointing arrow shows
the� 2

� for the best �t to the unscrambled velocities.

5.2. Photometric Observations

Results for HD 164509 are given in the third row of Table4.
These observations were acquired between 2007 October 26
and 2010 October 9. The standard deviation of the comparison
star observations is 0.0018 mag, consistent for constant stars.
Periodogram analysis of theseC2ŠC1 comparison star observa-
tions �nds no signi�cant periodicity. We compute thePgŠC1C2
differential magnitudes as we did for HD 163607 above. The
resulting low standard deviation of 0.0018 mag, along with the

Figure 8.MCMC posterior PDFs for several orbital parameters for HD 164509b.
(A color version of this �gure is available in the online journal.)

absence of any signi�cant periodicity in thePg Š C1C2 ob-
servations, demonstrates that HD 164509 is constant to high
precision.

A least-squares sine �t of thePg Š C1C2 observations
phased to the 282.4 day RV period gives a semi-amplitude of
0.0006± 0.0002 mag. This tight limit to brightness variability
further supports the existence of HD 164509b. Again, our
observations are too few for any transit search.

6. SUMMARY AND DISCUSSION

In this paper, we present Doppler velocities for two metal-
rich stars from the N2K survey: HD 163607 and HD 164509.
The velocities for the G5 IV star, HD 163607, are well �t with
a two-planet Keplerian model with� 2

� = 1.03 and a residual
rms of 2.9 m sŠ1. Based on the 75 and 1314 day orbital periods
and semi-amplitudes listed in Table3, the derived minimum
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