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Abstract

HD�3167 is a bright(V�= �8.9), nearby K0 star observed by the NASAK2 mission(EPIC 220383386), hosting two
small, short-period transiting planets. Here we present the results of a multi-site, multi-instrument radial-velocity
campaign to characterize the HD�3167 system. The masses of the transiting planets are 5.02�± �0.38 M�€ for
HD�3167�b, a hot super-Earth with a likely rocky composition( b�S = 5.60 1.43

2.15
��
�� g cm� 3), and9.80 1.24

1.30
��
�� M�€ for

HD�3167�c, a warm sub-Neptune with a likely substantial volatile complement( c�S= 1.97 0.59
0.94

��
�� g cm� 3). We explore

the possibility of atmospheric composition analysis and determine that planet c is amenable to transmission
spectroscopy measurements, and planet b is a potential thermal emission target. We detect a third, non-transiting
planet, HD 3167 d, with a period of 8.509�± �0.045 d (between planets b and c) and a minimum mass of
6.90�± �0.71 M�€. We are able to constrain the mutual inclination of planet d with planets b and c: we rule out
mutual inclinations below 1°.3 because we do not observe transits of planet d. From 1°.3 to 40°, there are viewing
geometries invoking special nodal con� gurations, which result in planet d not transiting some fraction of the time.
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From 40° to 60°, Kozai–Lidov oscillations increase the system’s instability, but it can remain stable for up to
100 Myr. Above 60°, the system is unstable. HD�3167 promises to be a fruitful system for further study and a
preview of the many exciting systems expected from the upcoming NASATESSmission.

Key words:eclipses– stars: individual(HD 3167) – techniques: photometric– techniques: spectroscopic

Supporting material:machine-readable table

1. Introduction

One of the most interesting results of the previous decades of
exoplanet discovery is the diversity in both the types of planets
being discovered, and the types of planetary systems. In
particular, the NASAKepler mission (Borucki et al. 2010;
Koch et al.2010) has revealed a large population of planets
with sizes in between the radii of Earth and Neptune( R1 4 �€… ;
Howard et al.2012; Fressin et al.2013; Petigura et al.2013;
Burke et al.2015), a size range in which we have no examples
in the solar system. This presents an opportunity to map out the
bulk composition of exoplanets as a function of their radius and
identify the size(or range of sizes) at which they transition
from rocky(Earth-like) to volatile-rich(Neptune-like) compo-
sitions (Weiss & Marcy 2014; Rogers2015; Wolfgang &
Lopez2015). However, these relatively small planets produce
correspondingly small radial-velocity(RV) signals, which
makes measuring their masses(and therefore bulk density) an
expensive exercise. Therefore, the only feasible small exopla-
nets for characterization are those that orbit bright stars. The
median apparent magnitude of the exoplanets discovered by
Kepler in its original mission is 14.5 in theKepler bandpass
(400–900 nm), and there are only seven planets in theR1 4 �€…
range around stars brighter than tenth magnitude. Several of
these, including Kepler-93b(Dressing et al.2015) and Kepler-
68b (Marcy et al. 2014) have been well-studied, and
considerable effort has been expended on some fainter targets
(e.g., Kepler-78b, Grunblatt et al.2015), but for robust
investigation of the potential mass transition region, more data
are required. One ground-based transit survey, the MEarth
survey(Berta et al.2013) has provided two of these planets
orbiting M dwarfs, around which these small planets provide a
relatively large transit signal: GJ 1132b(Berta-Thompson et al.
2015) and GJ 1214b(Charbonneau et al.2009). However, the
majority of ground-based transit surveys are limited in
discovery space to larger planets. The discovery of the
transiting nature of several radial-velocity planets, by selection
orbiting bright stars, helps to� ll out the sample, including HD
97658 b(Howard et al.2011; Dragomir et al.2013) and HD
219134 b(Motalebi et al.2015). Recently, the resurrection of
the crippled NASAKeplertelescope as theK2 mission(Howell
et al.2014) has provided the community with a preview of the
wide-� eld, shallow survey of bright stars that the NASATESS
mission will complete(Ricker et al.2014), focusing on targets
that are highly amenable to further characterization. The
discoveries by theK2 mission in this exoplanet size regime
include three bright, nearby multi-planet systems: K2–3 b, c,
and d(K�= �8.6, Cross� eld et al.2015), HIP�41378 b, c, and d
(K�= �7.7, Vanderburg et al.2016a), and HD�3167 b and�c
(K�= �7.1, Vanderburg et al.2016b).

The bright targets discovered byK2 and TESSwill also
provide some of the best targets for atmospheric characteriza-
tion with NASA’s James Webb Space Telescope(JWST;
Beichman et al.2014; Greene et al.2016). Given the expected
launch date forJWSTof 2018 October, the aforementionedK2

discoveries are providing a timely supply of interesting,
feasible observations for both Early Release Science and Cycle
1 observations. Measuring the masses of the planets is a key
ingredient to interpreting the results ofJWSTtransmission and
emission spectroscopy(Benneke & Seager2012, 2013).

Here we present the results of a multi-instrument, multi-site
campaign to characterize the masses of the planets in the HD
3167 system. The paper is organized as follows: in Section2.1,
we describe the light curve and RV data acquisition and
analysis. In Section3, we describe the derived system
parameters, including the likely composition. In Section4 we
examine the prospects for atmospheric characterization of the
HD�3167 system, and� nally, in Section5, we analyze the
architecture and dynamical stability of the HD�3167 system.

2. Observations and Data Analysis

2.1. Transit Detection

The NASAK2 mission uses theKeplerspacecraft to observe
a series of� elds, called campaigns, around the ecliptic plane.
Near-continuous, high-precision photometry is obtained on
10,000–20,000 targets per campaign, most targets having
30 minute integrations. Campaign 8(C8) was observed for 80
days from 2016 January 04 to 2016 March 23. The calibrated
pixels were downloaded from the Mikulski Archive for Space
Telescopes(MAST) and processed in the same fashion as
Cross� eld et al. (2015). In brief, following the methods of
Vanderburg & Johnson(2014) and Vanderburg(2014), the
photometry is divided into six roughly equal segments, and each
is decorrelated against the location of the photocenter of the light
using a 1D Gaussian process. The major systematic in the
photocenter location is the roll of the spacecraft around the
telescope foresight, which is corrected approximately every six
hours. By switching antennae at the start of Campaign 8, the
magnitude of the roll was reduced signi� cantly from that seen in
Campaign 7, resulting in overall higher quality light curves with
higher precision.35 One of the targets observed in Campaign 8
was HD�3167, a bright(V�= �8.9, K�= �7.0), nearby(46 pc), K0
dwarf star, also designated as EPIC�220383386. The detrended
photometry is shown in the top panel of Figure1.

Three transits of a long-period, relatively deep(� 1 mmag)
planet candidate were� rst detected in a by-eye search of the
brightest targets in C8, marked in cyan in the top panel of
Figure 1. On closer inspection,shallower transits at a
signi� cantly shorter period were also detected, marked in
red. Using the TERRA algorithm(Petigura et al.2013), two
signals were found with periods of 0.959609 days(shown in
the bottom left panel of Figure1) and 29.8479 days(shown in
the bottom right panel), with transit depths of 294 ppm and
946 ppm, respectively. These signals were subsequently
reported by Vanderburg et al.(2016b) as HD�3167�b and c
respectively. After removal of those signals, no additional

35 http:// keplerscience.arc.nasa.gov/ k2-data-release-notes.html
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transiting signals were found with an SNR above5�T,
corresponding to� 0.8�R�€.

In addition, we performed several tests of the photometry to
rule out obvious false positive scenarios prior to acquiring
expensive, high-precision RV measurements. These included
an adaptation of the model-shift uniqueness test, originally
designed forKepler data and described in Section 3.2.3 of
Coughlin et al.(2016). In brief, the test searches for other
signi� cant transit-like events in the light curve when phased to
the period of the putative planet signal: false positives will
often show multiple signi� cant events across all phases due to
the higher levels of correlated noise. Both planets b and c
passed the model-shift uniqueness test. We also included an
adaptation of the Locality Preserving Projections(LPP) test,
described in Thompson et al.(2015) for Kepler data, which
uses dimensionality reduction andk-nearest neighbors to
measure how similar a putative signal is to a planetary transit
signal. Both planets b and c also passed the LPP test.

Finally, we examined the photocenters of light during the
transits of planet b: signi� cant motion of the photocenter of
light away from the location of the putative host star during
transit is a powerful technique for detecting false positive
events due to background eclipsing binaries. For the original
Kepler mission, the spacecraft pointing stability was so high
that this method could be used to identify false positives lying
well within the same pixel as the target star. We adapt the
difference imaging technique used inKepler (Bryson et al.
2013) to K2. Due to the strong roll motion inK2, there is a
large change in the light distribution between two consecutive
cadences. even in the absence of a transit. Instead, for each in-
transit cadence, we look for out-of-transit cadences at the same
roll angle and separated by exactly one thruster� ring event.
The roll angle is measured by the same technique as
Vanderburg & Johnson(2014). By requiring the out-of-transit
cadences to be close in time, we minimize of the impact of
motion perpendicular to the roll axis due to, e.g., differential
velocity abberation. However, theK2 roll motion is not exactly
repeatable, and not all in-transit cadences have out-of-transit
cadences that meet our requirement both before and after the

transit. For cadences that do, we� t the PRF model of Bryson
et al.(2010) to the in-transit and difference image, and compute
the shift in the photocenter. We average over all cadences for
which a difference can be computed, and calculate the
probability that the observed distribution of offsets is consistent
with the hypothesis that the location of the transit is consistent
with the location of the target star. For simplicity, the
distribution of offsets is assumed to be Gaussian in both row
and column. At ninth magnitude, HD�3167 is highly saturated,
resulting in large scatter in the row direction due to the bleed of
saturated pixels, and the distribution is highly non-Gaussian.
Nevertheless, Figure2 shows no strong evidence that the
source of the transit for planet b is offset from the target. There
are only three transits of HD�3167�c, and one of those gives a
poor � t to the photocenter location, so we do not perform the
photocenter analysis on this planet.

Figure 1.Top panel shows the detrendedK2 photometry for HD 3167. Transits of planet b are marked in red, and transits of planet c in cyan. The bottom panels show
the phase-foldedK2 photometry for planets b(left) and c(right). The best-� t transit model, described in Section3, is over-plotted in red for planet b, and cyan for
planet c.

Figure 2.Locations of the measured photocenters of light during the transits of
HD�3167�b. There is a larger scatter in the row direction because HD�3167 is
highly saturated. The locations are consistent with HD�3167 being the source
of the transit signal. BKJD�= �BJD-2454833.0.
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2.2. Stellar Characterization

To determine the stellar parameters of the host star, we
obtained three spectra of HD�3167 using Keck-HIRES with an
S/ N of � 260 at 6000�Å, without using the iodine cell as is
typical of the precision RV observations; Figure3 shows a
segment of a spectrum in the region of the Mg b triplet. We
derived the stellar properties using the spectral forward-
modeling procedure and line list of Brewer et al.(2016). We
� rst � t for Teff , glog , [M/ H], and Doppler broadening using a
scaled solar abundance pattern except for the alpha elements
calcium, silicon, and titanium. We then� xed the stellar
parameters and solved for the abundances of 15 elements.
Finally, we repeated the process using this new abundance
pattern. The results from� tting the three different spectra were
nearly identical for all parameters. We then apply the empirical
corrections from Brewer et al.(2016) to obtain the � nal
parameters, summarized in Table1.

The analysis procedure has been shown to recover gravities
consistent with those of asteroseismology with an rms scatter of
0.05 dex (Brewer et al. 2015) and we adopt this as the
uncertainty in glog . Brewer et al.(2016) shows that there is a
39�K offset with temperatures derived from well-measured
angular diameters. We add this in quadrature to their 25�K
statistical uncertainties for a total uncertainty of 46�K. The
statistical uncertainty in the[Fe/ H] measurement is only
0.01�dex but the empirical correction at this temperature is
0.09�dex. We adopt half of the offset, 0.05�dex, as our
uncertainty in[Fe/ H]. Finally, we compare the results of the
analysis to those given by the Stellar Parameter Classi� cation
tool (SPC; Buchhave et al.2012, 2014) and SpecMatch
(Petigura et al.2015) and � nd they agree to within 1� .
Following the procedure in Cross� eld et al.(2016), we use the
free and open sourcei sochrones Python package(Morton2015)
and the Dartmouth stellar evolution models(Dotter et al.2008)
to estimate the stellar radius and mass given in Table1. The
resulting stellar density is consistent with values derived in the
transit analyses. HD�3167 was not included inGaia Data
Release 1(Gaia Collaboration et al.2016), possibly due to the
incompleteness at the bright end or the poorer coverage along
the ecliptic, where theK2 mission observes by necessity.
However, futureGaiareleases should produce a precise distance
and allow for stronger constraints on the stellar parameters. From
the HIPPARCOS parallax(Perryman et al.1997), and following

the same procedure as Brewer et al.(2016), we derive an age for
HD�3167 of 7.8�± �4.3�Gyr.

TheK2 data show some longer-term variability that may be
caused by stellar rotation(see Figure 1 of Vanderburg et al.
2016b). Examining the auto-correlation function of the light
curve reveals a broad peak from 20 to 35 days, with a
maximum at 27.2 days. The rotational velocity of 1.7�± �
1.1 km s� 1 is fairly poorly constrained, and allows a range of
rotational periods from 10 to 40 days. These values are broadly
consistent with the expected value for a� eld K-dwarf(see, e.g.,
Newton et al.2016). We examine the correlations between
stellar activity indicators and the measured radial velocities in
Section3.2.1.

2.2.1. Proper Motion

The proper motion of HD�3167 is quite large(107 mas yr� 1

in R.A. and� 173 mas yr� 1 in decl.; Huber et al.2016). In the
63 years since, the 1953 Palomar Observatory Sky Survey
(POSS) images, HD 3167 has moved more than 125, enabling
us to utilize archival POSS data to search for background stars
that are now, in 2016, hidden by HD 3167. Using the 1953
POSS data, shown in the top panel of Figure4, we � nd no
evidence of a background star at the current postion of HD
3167 to a differential magnitude of� 5 mag, shown in the
bottom panel of Figure4. Because HD 3167 is saturated in the
POSS images, this sensitivity was estimated by placing fake
sources at the epoch 2016 position of HD 3167 in the epoch
1953 image and estimating the 5� threshold for detection. The
photometric scale of the image(and hence, the magnitudes of
the injected test stars) was set using the star located 1� to the
southeast of HD 3167, which has an optical magnitude of
approximatelyB�= �15.5. This analysis does not rule out the
most extreme background eclipsing binaries(a 50% eclipsing
binary would produce a 1 mmag transit at a differential

Figure 3. Final model� t to one of the Keck/ HIRES template spectra used to
derive the stellar parameters in the region of the Mg b triplet. The black line is
the observation, light blue is the model, and the green line at the bottom
indicates the regions used in the� tting. There were 350�Å used in the full� t in
regions between 5164 and 7800Å.

Table 1
HD 3167 Stellar Parameters

Parameter Value Units

R.A. 00:34:57.52 hh:mm:ss
Decl. + 04:22:53.3 dd:mm:ss
EPIC ID EPIC 220383386 L
2MASS ID 2MASS J00345752+ 0422531 L
V 8.941�± �0.015 mag
K 7.066�± �0.020 mag
Spectral Type K0 V L
Teff 5261�± �60 K
log g 4.47�± �0.05 log10 (cm s� 2)
R�ƒ 0.872�± �0.057 R�:

M�ƒ 0.866�± �0.033 M�:

�ƒ�Sa 1.902�± �0.092 g cm� 3

b,�ƒ�S b 1.40 0.79
0.52

��
�� g cm� 3

c,�ƒ�S c 1.39 0.94
0.65

��
�� g cm� 3

Distance 45.8�± �2.2d pc
[Fe/ H] 0.04�± �0.05 L
v sin i 1.7�± �1.1 km s� 1

log R�HK � 5.04 L

Notes.
a Spectroscopically derived.
b Derived from transit light-curve� t to planet b.
c Derived from transit light-curve� t to planet c.
d van Leeuwen(2007).
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magnitude of 6.8 mag), but was suf� cient for us to instigate the
high-precision RV campaign.

2.2.2. Adaptive Optics

We obtained near-infrared adaptive optics images of
HD�3167 at Keck Observatory on the night of 2016 July 14
UT. Observations were obtained with the 1024�× �1024 NIRC2
array and the natural guide star system; the target star was
bright enough to be used as the guide star. The data were
acquired using the narrow-band Br-� � lter using the narrow
camera� eld of view with a pixel scale of 9.942 mas/ pixel. The
Br-� � lter has a narrower bandwidth(2.13–2.18 m�N ), but a
similar central wavelength(2.15 m�N ) compared the Ks� lter
(1.95–2.34 m;�N 2.15 m�N ) and allows us to observe HD 3167
without saturation. A three-point dither pattern was utilized to

avoid the noisier lower left quadrant of the NIRC2 array. The
three-point dither pattern was observed with 10 coadds and a
0.726 s integration time per coadd for a total on-source
exposure time of 65 s.

HD�3167 was measured with a resolution of 0050
(FWHM). No other stars were detected within 4� of
HD�3167. In the Br-� � lter, the data are sensitive to stars that
have K-band contrast of� K�= �3.4 mag at a separation of 01
and � K�= �8.0 mag at 05 from the central star. We estimate
the sensitivities by injecting fake sources with a signal-to-noise
ratio of 5 into the� nal combined images at distances of
N�× �FWHM from the central source, whereN is an integer.
The 5� sensitivities, as a function of radius from the star, are
shown in Figure5. Beyond 4� , there are no additional stars
visible in 2MASS out to a radius of� 20� .

2.2.3. RV Measurements

After the identi� cation and validation of the two transiting
planet signals, a high-cadence observing campaign was rapidly
launched in order to obtain mass measurements while C8 was
still visible. The� nal data set includes observations obtained
with Keck/ HIRES, Automated Planet Finder(APF)/ Levy, and
HARPS-N, described below. The full set of RV measurements
is given in Table2.

Our observational setup for both Keck/ HIRES and the APF/
Levy was essentially identical to those described in Fulton et al.
(2016) and Burt et al.(2014). We collected a total of 60 RV
measurements using Keck/ HIRES(Vogt et al.1994), and 116
measurements using the Levy Spectrograph on the APF
(Radovan et al.2014; Vogt et al.2014) at Lick Observatory
between 2016 July 7 and 2016 December 2. For all of the
Keck/ HIRES measurements, we collected three consecutive
exposures in order to mitigate the affects of stellar oscillations
(Dumusque et al.2011). The three measurements were then
binned together before a jitter term, which includes a
contribution from stellar jitter, is added in quadrature during
the modeling process(see Section3); this technique was not
necessary at APF due to the smaller telescope aperture and
longer exposure times. Whenever possible, we observed HD
3167 two times during a single night with maximum temporal
separation to improve phase coverage for HD 3167 b.

Figure 4.POSS1 red plates observed in 1953(top panel) and POSS2 red plates
observed in 1994(bottom panel). The circle shows the location of HD�3167 at
the 2016 position of the star. Between 1953 and 1994, HD�3167 moved by
� 8 arcsec, which can be clearly seen in the DSS images. The POSS1 plate
rules out a background star coincident with the current location of HD 3167 to

R 5� % � xmag.

Figure 5. Keck Observatory NIRC2 K-band image and the associated contrast
curve. No stars with contrastsK 3.4 are� % � � detected with separations0.1��
arcsec and K 8.0� % � �with separations 0.5�� arcsec.
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Each Doppler spectrum was taken through a cell of gaseous
iodine that imprints a dense forest of molecular absorption lines
onto the stellar spectrum and serves as both a wavelength and
point-spread function(PSF) reference. The slits chosen
provided spectral resolving power ofR 70,000�_ and
R 100,000�_ for Keck and APF respectively. A series of
iodine-free spectra were also collected using a narrower slit on
both instruments(R 85,000 120,000�_ for Keck/ APF). These
spectra were deconvolved with the instrumental PSF and used
as models of the intrinsic stellar spectrum. We modeled each
RV observation as the deconvolved intrinsic stellar spectrum
shifted by a best-� t RV and multiplied by an ultra-high-
resolution iodine transmission spectrum. This is then con-
volved with an instrumental PSF, which is modeled as the sum
of 13/ 15 Gaussians for Keck/ APF (Butler et al.1996). We
reject measurements with SNR�< �45, mid-exposure times
before or after 13° twilight, and measurements collected when
the star was within 20° of the moon. The rejected observations
are not included in Table2.

We also observed HD 3167 with the HARPS-N
spectrograph(Cosentino et al.2012) located at the 3.58 m
Telescopio Nazionale Galileo on the island of La Palma, Spain.
HARPS-N is a stabilized spectrograph designed for precise RV
measurements. We observed HD 3167 76 times between 2016
July 7(independently beginning the same night as the HIRES/
APF campaign) and 2016 December 7, obtaining high-
resolution optical spectra with a spectral resolving power of
R�= �115,000. Most of our observations consisted of 15 minute
integrations, which yielded formal photon-limited Doppler
uncertainties between 0.6 and 1.6 m s� 1. Similarly to the Keck/
HIRES measurements, we typically observed HD 3167 two
times per night, separated by a couple of hours, in order to
better sample the inner planet’s orbit; on several occasions, we
observed HD 3167 up to six times per night. We measured
radial velocities by calculating a weighted cross-correlation
function between the observed spectra and a binary mask
(Baranne et al.1996; Pepe et al.2002).

One factor that extended our RV campaign was the aliasing
between the� 1 day orbital period of planet b and the
� 1 month orbital period of outer planet c. Given the restrictions
on observing enforced by the diurnal cycle and the tendency for
telescope time to be allocated approximately monthly around

the full moon, it was dif� cult at any single longitudinal site to
secure the required phase coverage to break the degeneracy
between planets b and c. Figure6 shows, for each of the three
telescopes, the b and c phase combinations of the observations.
The HARPS-N observations, shown as yellow diamonds,
represent the most precise measurements in our RV sample, but
have large bands of phase combinations that are unsampled.
Similarly, the HIRES measurements, shown as black open
circles, do not cover the full range of phase combinations. Early
analyses of the radial velocities from either of these sites
individually led to degeneracies in the RV semi-amplitudes,
and therefore masses, of the b and c planets. The APF
observations, shown as green points, for which there is the
most regular access to the telescope, provide comprehensive
coverage of the phase combinations of planets b and c. By
combining the higher precision but limited phase coverage
observations from HARPS-N and HIRES with the lower
precision but broad phase coverage of APF, we break the
degeneracies and constrain the orbital solution as discussed
below.

3. System Parameters

3.1. Transit Analysis

We analyzed the transit signals for planets b and c
independently in our light curve, using the same modeling,
� tting, and MCMC procedures as described in Cross� eld et al.
(2016). As in that analysis, eccentricity was held to zero; for the
RV analysis described in Section3.2, we allowed the
eccentricity of planet c to� oat. The results are shown in
Table 5 and are consistent with the parameters given by
Vanderburg et al.(2016b) for planets b and c. We examine the
transit times of planet b and� nd no evidence of variations
above the level of� 15 minutes, shown in Figure7. Occasional
outliers are present in the individually derived transit times, but
we conclude that these are likely a result of the low cadence of
the Kepler observations combined with a non-perfect detrend-
ing. We exclude cadences affected by spacecraft thruster� rings
prior to analysis. In addition, we apply the cosmic-ray detection
algorithm for K2 photometry developed by Benneke et al.

Table 2
Radial Velocities

HJDUTC RVa Unc.b Inst.
(� 2440000) (m s� 1) (m s� 1)

17576.70031 19526.75 0.75 HARPS-N
17576.96772 � 8.69 0.93 APF
17578.69042 19521.29 1.51 HARPS-N
17578.95901 � 12.99 1.05 APF
17579.67410 19519.00 1.58 HARPS-N
17579.94894 � 5.76 1.33 APF
17580.11952 � 5.44 0.56 HIRES
17580.71980 19520.10 1.20 HARPS-N
17581.10524 � 0.98 0.52 HIRES

Notes.
a Zero-point offsets between instruments have not been removed and must be
� t as free parameters when analyzing this data set.
b Stellar jitter has not been incorporated into the uncertainties.

(This table is available in its entirety in machine-readable form.)

Figure 6. Coverage of the phase combinations between planets b and c. The
yellow diamonds are HARPS-N observations, the black open circles are
HIRES observations, and the green points are APF observations. The solid
lines connect observations obtained on the same night. HARPS-N and HIRES
have only partial coverage of the phase combinations; APF has near-complete
coverage.
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