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Abstract

The Automated Planet Finder telescope’s automation and first three years of planet

detections

by

Jennifer Burt

The Automated Planet Finder (APF) is a 2.4m, f/15 telescope located at the UCO’s

Lick Observatory, atop Mt. Hamilton. The telescope has been specifically optimized to detect

and characterize extrasolar planets via high precision, radial velocity (RV) observations using

the high-resolution Levy echelle spectrograph. The telescope has demonstrated world-class

internal precision levels of 1 m/s when observing bright, RV standard stars. Observing time on

the telescope is divided such that∼80% is spent on exoplanet related research and the remaining

∼80% is made available to the University of California consortium for other science goals.

The telescope achieved first light in 2013, and this work describes the APF’s early science

achievements and its transition from a traditional observing approach to a fully autonomous

facility.

First we provide a characteristic look at the APF telescope and the Levy spectrograph,

focusing on the stability of the instrument and its performance on RV standard stars. Second,

we describe the design and implementation of the dynamic scheduling software which has been

running our team’s nightly observations on the APF for the past year. Third, we discuss the

detection of a Neptune-mass planet orbiting the nearby, low-mass star GL687 by the APF in

collaboration with the HIRES instrument on Keck I. Fourth, we summarize the APF’s detection

xii



of two multi-planet systems: the four planet system orbiting HD 141399 and the 6 planet system

orbiting HD 219134. Fifth, we expand our science focus to assess the impact that the APF - with

the addition of a new, time-varying prioritization scheme to the telescope’s dynamic scheduling

software - can have on filling out the exoplanet Mass-Radius diagram when pursuing RV follow-

up of transiting planets detected by NASA’s TESS satellite. Finally, we outline some likely next

science goals for the telescope as it continues its world-class, RV performance.
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Chapter 1

Introduction

1.1 The radial velocity method

1.1.1 Concept

Over the past two decades, advances in the field of exoplanet detection have proven

that exoplanets are ubiquitous in our own galaxy. Recent surveys suggest that stars like the sun

host 1.6 planets on average (Cassan et al., 2012). One of the key planet detection methods to

date is the Doppler Spectroscopy method, also known as the Radial Velocity (RV) method. As a

planet orbits around its host star, the planet exerts a gravitation pull on the star, causing the star

to move on its own (albeit much smaller) orbit around the system’s center-of-mass. If this orbit

moves the star towards/away from the Earth (in the radial direction) then it will cause the star’s

spectral absorption lines to systematically Doppler shift around their rest wavelength (Equation

1.1.1).
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z =
λ−λo

λo
=

1 +Vr/c√
1 −V 2

T /c2
− 1 (1.1)

where z is the redshift, λ and λo are the observed and rest wavelengths, respectively,

Vr is the star’s radial velocity, and VT is the star’s total velocity relative to the observer. In log

λ space, the wavelength shift λ−λo is independent of the rest wavelength, and provides a direct

measurement of the relative velocity between the source and the observer.

Using ground-based telescopes, we can monitor a star’s spectral absorption lines and

look for periodic shifts in their positions that suggest a planet on a Keplerian orbit around the star

(Figure 1.1). The shifts induced by planetary companions are small though, with measurements

of a 1 m s−1 signal corresponding to ∆λ/λo = 3× 10−9. On the detector of a typical mid- to

high-resolution spectrograph (R ∼ 100,000), this translates into a linear displacement of about

3× 10−4 resolution elements (or ∼ 10−4 line widths). In order to successfully extract these

shifts it is crucial to have both an instrument capable of high-resolution spectroscopy, in order

to discern the star’s individual lines in the first place, and a simultaneous wavelength calibration

source, so that the lines’ movements can be determined to within fractions of an angstrom. In

instruments like the Levy spectrograph, we use a cell of gaseous, molecular iodine (I2) which

the starlight passes through on its way to the CCD, thus super imposing the I2 absorption lines

on the stellar spectrum. These lines then work as a fiducial wavelength scale that experiences

the same instrumental shifts and distortions as the stellar spectrum.
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Figure 1.1: A schematic of the Radial Velocity method for detecting exoplan-
ets produced by the Las Cumbres Observatory Global Telescope (LCOGT) Network
[https://lcogt.net/spacebook/radial-velocity-method/]
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1.1.2 RV signals

A planet in orbit around a star induces a perturbation on its host of the form:

Vr(t) = K [cos(ν(t) + ω) + e cosω] + γ (1.2)

where ν(t) is the true anomaly, ω is the longitude of periastron, e is the planet’s

orbital eccentricity, γ is the velocity of the system’s barycenter, and K is the radial velocity

semi-amplitude:

K =
(

2πG
P

)1/3 mpl sin i
(M∗ + mpl)2/3

1√
1 − e2

(1.3)

where G is the gravitational constant, P is the planet’s orbital period, M∗ is the mass

of the host star, and mpl is the mass of the planet.

When plotted over time, the relative radial velocity values of a star orbited by a single

planet will form a sinusoidal curve where the height corresponds to the semi-amplitude of the

planet’s RV signal, K, and the curve’s period corresponds to the periodicity of the Doppler shifts

observed in the stellar spectrum (Figure 1.2).

For cases where the mass of the host star can be determined using other means, a

Keplerian fit to the RV data produces the semi-major axis of the planet’s orbit and a lower

limit on the planetary mass (msin i). Although the true mass of the planet can be significantly
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Figure 1.2: A schematic of the Radial Velocity signal a planet imparts on its host star

different from the minimum mass based on the planet’s inclination, the probability that the

orbital inclination is between two randomly chosen values i1 < i< i2 is given by:

Prob(i) = |cos i2 − cos i1| (1.4)

Thus the minimum and absolute mass values agree within a factor of 2 (mpl ≤ 2 mpl sin i)

as long as the planet’s inclination is between 30 and 90◦ which, according to Equation 1.4, oc-

curs in roughly 87% of cases (Eggenberger and Udry, 2010).
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1.2 Current state of the field

The radial velocity method has been used to measure masses for over 700 exoplanets

(Akeson et al., 2013). RV science lead to the detection of the first multi-planet system, three

planets orbiting Upsilon Andromeda published in Butler et al. (1999), produced the timing

estimates needed to observe the first transiting planet, HD 209458b (Charbonneau et al., 2000;

Henry et al., 2000), and provided the first hints that super-Neptunes existed via the Rossiter-

McLaughlin effect (Sato et al., 2005).

Early detections were biased towards massive planets on short period orbits (e.g.

Mayor and Quelos, 1996; Marcy and Butler, 1996; Butler et al., 1996a) because of the re-

sulting large semi-amplitude (many 10s - 100s of m s−1) these planets impart on their host stars,

and the ∼ 10 m s−1 precision floor that existed for optical spectrographs at that time. Doppler

precision improved to 3 m s−1 for the first time in 1996 (Butler et al., 1996a) and reached down

to 1 m s−1 for the first time with the commissioning of the High Accuracy Radial velocity Planet

Searcher (HARPS) spectrograph in 2004 (Rupprecht et al., 2004).

Over the past decade, new, purpose-built instruments including the Planet Finder

Spectrograph on the Magellan Clay telescope, HARPS-N on the Telescopio Nazionale Galileo

and the Levy Spectrograph on the APF have been installed specifically to address the need for

high quality RV observations that will expand the semi-amplitude parameter space to which we

are sensitive (Crane et al., 2006; Cosentino et al., 2012; Vogt et al., 2014b). These instruments,

each of which represents a significant step forward in RV precision capabilities, enabled the

detection of smaller, less massive bodies such as the two super Earths orbiting Kapteyn’s star
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Figure 1.3: Orbital periods and minimum masses of planets detected using the RV method,
data and plot created with exoplanets.org (Han et al., 2014).

(4.8 and 7.0 M⊕, Anglada-Escudé et al. (2014)) and HD 219134b (3.4 M⊕, Vogt et al. (2015)),

among many others (Figure 1.3).

With the advancement to precision levels of a few m s−1 RV science began detecting

the signatures of close-in, low-mass systems of planets, something that defied conventional

theories of planet formation as our own solar system contains no such objects. The first such

discovery was the triple-Neptune system orbiting HD 69830, where all of the planets have

semi-major axes less than 0.62AU. For this system, the dispersion among the RV measurements

before fitting any of the planetary signatures amounted to only 3.7 m s−1. while the RMS

dispersion of the post-fit residuals was just 0.8 m s−1 (Lovis et al., 2006). More recently, a

7



system made up entirely of short-period super Earths was discovered around the nearby star

HD 7924 (Fulton et al., 2015) and another containing a broad range of planets (six total planets,

ranging from a short period super-Earth to a Saturn mass planet on a 6 year orbit) was detected

around the nearby K dwarf star HD 219134 (Vogt et al., 2015).

With the continued instrumental improvements to RV precision and the allocation of

more time on large telescopes (Magellan, Keck, etc) the number of planets detected using the

RV method grew steadily from 1997 and 2011, but after 2011 the discovery rate experienced a

dramatic downturn (Figure 1.4). This is due in part to the fact that significant telescope time has

been dedicated to transit follow-up after the success of missions like NASA’s Kepler (Coughlin

et al., 2015). But is also because observers are working to detect ever smaller planetary sig-

nals, which require increasing RV precision, exponentially more RV observations over a longer

timeline and fighting against a number of noise sources that become delimiting factors at the

sub-m s−1 level. For reference, one of the most precise RV planet detections yet published was

a 0.77 m s−1 signal from a 3.6M⊕ planet in a 58.43 day orbit around HD 85512, achieved using

data from the ESO’s HARPS spectrograph (Pepe et al., 2011). This detection, made using 185

observations (with an average single-measurement of 0.67 m s−1) over 7.5 years, showcases the

difficulty of detecting a low mass, terrestrial planets.

1.2.1 Challenges in precision RV planet detection

Real planetary signals are never as clean and well defined as the schematic shown in

Figure 1.2. The radial velocity (RV) precision obtainable for any star is a quadrature sum of

noise contributions from Poisson photon statistics, stellar jitter, and instrumental errors, σ2
tot =
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Figure 1.4: Discovery timeline for planets detected using the RV method, data and plot created
with exoplanets.org (Han et al., 2014).
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σ2
poisson +σ2

jit +σ2
inst . Because of how these noise sources add, it is necessary to address all of

them simultaneously in order to decrease the uncertainty in RV detections.

As an example, imagine that a nearby, bright, late G dwarf such as Sigma Draconis

(HD 185144), with V = 4.7, M∗ ∼ 0.87 M� and L∗ ∼ 0.43L� generates normally distributed

stellar jitter with σ = 0.7 ms−1, and that long-term instrumental precision and Poisson errors

amount to σ = 0.7 ms−1. These figures are in excellent concordance with the σ =1.1 ms−1

total RMS scatter of the APF velocity measurements obtained for this star during Q2-4 2013

(Vogt et al., 2014b). A hypothetical 3M⊕ planet orbiting at a = 0.65 AU from Sigma Draconis

receives the same energy flux that Earth receives from the Sun, and induces a radial velocity

half-amplitude K = 0.4 ms−1 in its P = 200 day orbital period. If stellar and instrumental errors

are uncorrelated and normally distributed, the detection of such a planet would not be difficult,

as suggested by the periodogram in Figure 1.5, where the three horizontal lines represent False

Alarm Probabilities of 0.1%, 1%, and 10% respectively from top to bottom.

Looking at this example, it is clear that a careful and thorough characterization of

both the activity exhibited by a star and the noise contributed by the telescope/instrument being

used to take the observations (σ jit and σinst , both of which are larger in individual observations

than the signal created by the theoretical planet itself) is key to detecting any low amplitude

signals in an RV dataset.

1.2.1.1 Instrumental noise

As RV precision approaches the 1 m s−1 level, the noise contributed by the instrument

itself can become a delimiting factor in attaining the level of data needed for cutting edge sci-
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Fig. 7.— Left Panel: Periodogram of 500 randomly chosen synthetic velocities obtained over a 5-year period assuming 1ms�1

all-in Doppler precision and the presence of a 3M� planet in a 200-day orbit about a 0.87 M�, V = 4.7 K0V primary. The
right panel of the diagram shows the aggregate of confirmed Doppler-detected planets, with the radial velocity half-amplitudes,
K, plotted against the RMS residuals to the Keplerian fits. The example planet from the left-hand panel is shown by an open
circle near the bottom of the figure, as are several high-profile recent claimed planetary detections.

this disconnect was created largely by non-normal measurement errors and false alarm channels,
both of which are important for Doppler surveys. It took several years before reliable photometric
detections of transiting planets were commonplace. Likewise, it will take time and it will take
patience to accumulate the quantity of velocities that are needed to confirm the reflex velocities
that are generated by very-low mass planets. APF and PFS, with their extremely high precision
and high availability will make a key contribution to this e↵ort. We are planning a long-term study
of a highly select group of ⇠10 late G through K-type dwarfs that are (i) bright, (ii) nearby, (iii)
at declinations �20� < � < 20�, (iv) extraordinarily photometrically and chromospherically stable,
and which, in several cases (e.g. Tau Ceti), already harbor very low mass candidate planets. This
high-cadence search for potentially habitable planets mirrors a similar approach that has been
adopted by the HARPS telescope, which is also tracking ⇠10 bright, high-quality nearby dwarf
stars with highly elevated cadence. The innovation within our search is that our target stars
are specifically targeted to lie near the celestial equator. We can therefore leverage our flexible
accessibility to APF to (whenever feasible) schedule simultaneous observations of the same stars
with PFS at precisely the same times. In doing so, we can separate astrophysical sources of error
(which are the same for both telescopes) from instrumental sources of error (which are specific to
the individual telescopes). More generally, the tracking of the targets from two separate facilities
greatly improves long-term comparisons and assessments of velocity stability.

[3] Detection of Solar System Analogues: Our third project will consist of a dedicated
program to continue coverage of a volume-limited sample of ⇠ 150 chromospherically quiet solar
analogs visible to APF. This target list will be drawn entirely from stars observed at Keck, all of
which have dozens of radial velocities, many of which have hundreds of radial velocity observations,
and all of which have time baselines dating back over 15 years. The goal of this project will
be to place clear observational limits on the range of common architectures of outer planetary
systems at radii a > 5 AU , and by extension, on the frequency of planetary systems that harbor
Jovian mass planets in Jupiter-like (P=10-20 year) orbits. Work by Batygin & Laughlin (2015)
suggests that (just as is the case in our own solar system) there should be a clear anti-correlation

Figure 1.5: Periodogram of 500 randomly chosen synthetic velocities obtained over a 5-year
period assuming 1 m s−1 all-in Doppler precision and the presence of a 3 M⊕ planet in a 200-day
orbit about a 0.87 M�, V = 4.7 K0V primary.
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ence. This noise can be due to the spectrograph itself moving as a result of vibrations; changes

in the temperature and/or air pressure which can shift the spectra and affect focus; motion of

the photocenter of the spectrographic slit due to guiding errors, focus, seeing fluctuations, or

atmospheric refraction; or uneven illumination of the spectrograph slit and/or the optical train

(Podgorski et al., 2014). What makes the instrumental noise especially tricky to address is

the difficulty that comes with trying to disentangle it from the stellar signal. Even the highest

quality RV data products contain both astrophysical noise from the stars themselves and instru-

mental noise from the telescope and instrument used to obtain the observations. Further, when

working with only one telescope/instrument there is no way to separate the effects of these two

sources of noise.

Because it is so difficult to properly quantify and characterize a given instrument’s

noise signature, RV spectrographs have been built to be increasingly stable over the past decade.

Approaches to this include passive athermalization of the struts that hold the instrument’s cam-

era (Vogt et al., 2014b), putting the echelle grating inside a vacuum controlled chamber (Crane

et al., 2006), or putting the entire instrument inside a temperature and vacuum controlled en-

closure (Cosentino et al., 2012). Yet even HARPS-N, the most stable spectrograph currently

in operation, adds a 1.0 m s−1 σinst term into their error budget when fitting planetary signals

(Motalebi et al., 2015).

1.2.1.2 Stellar noise

Radial-velocity perturbations related to stellar activity are referred to as “stellar jit-

ter”. Stellar jitter is caused by magnetic phenomena at the surface of stars (spots, plages, etc)

12



which induce radial-velocity variations as they evolve both temporally and spatially (Saar and

Donahue, 1997; Saar et al., 1998). The level of a star’s jitter depends on its effective tempera-

ture, stellar activity, and projected rotational velocity (Saar et al., 1998; Wright, 2005; Isaacson

and Fischer, 2010a), but these dependencies have not been modeled in detail yet. Typical values

of stellar jitter are ∼ 5 m s−1 for slowly rotating, chromospherically quiet G-K dwarfs (Santos

et al., 2000; Wright, 2005) and up to 50 m s−1 for young, active, mid-F5 to early-M (Paulson

et al., 2004). Because of these significant signals, precision Doppler planet searches tend to

focus on old, quiet, slowly rotating stars - qualities assessed using metrics like the R’HK param-

eter which represents the fraction of a star’s bolometric flux emitted by the chromosphere in the

Ca II H and K lines (Noyes et al., 1984).

Yet even inactive stars often present signals on the order of a few m s−1 , which can

drown out evidence of a small planet. The low K signals associated with star spots can be

especially dangerous, as long-lived spot patterns will cause variations in the star’s absorption

lines which are then modulated by the rotational period of the star and can mimic a planetary

signal (Queloz et al., 2001; Bonfils et al., 2007). This had lead to a number of published planet

detections that were later refuted/retracted when it was realized that the star’s activity signature

lined up with the published planetary signal (e.g. Robertson and Mahadevan, 2014; Rajpaul

et al., 2015). When the star is instead observed for much longer than the typical lifetime of

a single star spot, the spot signals becomes incoherent and are incorporated into the star’s RV

signal as noise (Eggenberger and Udry, 2010). While the stellar activity is less prone to being

falsely characterized as Keplerian in this case, it will still increase the difficulty of detecting

actual planetary signals in the data.
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1.3 A dedicated, automated telescope with a stable, high-resolution

optical spectrograph

The Automated Planet Finder (APF) telescope at Lick Observatory was designed

specifically for the detection and characterization of exoplanets around bright stars (V < 12)

at the 1-2 m s−1 level. When striving for the detection of small planetary signals, it is crucial

that the overall precision of the RV data be well below the semi-amplitude that the planet in-

duces on its host star. Obtaining a high overall precision requires the minimization of a variety

of variables. The design of the APF and the accompanying data reduction pipeline used by our

team directly addresses the four largest effects, as detailed below.

1.3.1 High Resolution

Increased resolution (at the R >∼100,000 level) provides two key advantages for RV

planet detection efforts. The first is that it enables a more detailed modeling of the star’s ab-

sorption lines in all RV exposures, increasing the information content of a given spectrum and

allowing for a more precise determination of the relative shift of the star’s lines between spectra

taken at different times. This result is most apparent in planets that have numerous, narrow,

spectral lines; namely small, cool, M-dwarfs (Burt et al., 2015).

Secondly, high resolution spectra have the potential to be used as an indicator of stellar

activity to help weed out false positive planet detections. In spectra where individual absorption

lines are spanned by a relatively high number of resolution elements, line bisectors, which trace

the shape of stellar absorption lines and identify variations due to star spots and other activity
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induced phenomena, can be constructed for each individual observation. When comparing the

bisector velocity span and radial velocity values of active stars, a clear anti-correlation is often

seen. In some cases, this allows observers to approximately correct the RV measurements for

the influence of the spots (Queloz et al., 2001).

The APF telescope is paired with the cross-dispersed Levy echelle spectrograph which

is capable of resolutions up to 140,000 using the 0.5" slit, and produces normal RV observations

(taken through the 1" slit) with typical resolutions of 90,000-100,000.

1.3.2 High Cadence

High cadence observations can be used to help extract planetary signatures from RV

data if the planet’s signal is not significantly higher than the dispersion observed in its obser-

vations, as is often the case with small planets or planets orbiting noisy stars. A large number

of observations that thoroughly cover the planet’s RV phase curve is also critical for ruling out

false positives, especially given the relatively high number of free parameters in the orbital so-

lution for multi-planet systems. One promising result suggests that stable spectrometers may be

able to average over stellar noise and reach precisions below 0.5 m s−1 , at least for some stars.

After removing the signals of three super-Earth planets orbiting HD 20794, Pepe et al. (2011)

found that the RMS of their residual velocities decreased from 0.8 m s−1 to 0.2 m s−1 when the

data was binned in 1 - 40 night intervals.

In addition to beating down the photon noise and correlated stellar jitter, high cadence

observations can also be used to characterize the stellar noise signatures of a star’s magnetic ac-

tivity. Preliminary results indicate that a sufficiently dense sampling properly covering the typi-
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cal timescales of the different noise sources (star spots, plages, and convective inhomogeneities)

lead to significant improvements in planet detection limits (Dumusque et al., 2011).

With 80% of its time dedicated to the detection and characterization of extrasolar

planets, the APF’s observing approach is designed to obtain high cadence observations of in-

teresting RV targets. In addition, the telescope’s high overall efficiency (see §2.3.4) helps to

lower the exposure time necessary on individual targets so that, if necessary, the same star can

be visited multiple times throughout the night to help average over noise that happens on the

timescale of a few hours.

1.3.3 Instrument Stability

High resolution and high cadence observations are only useful if they are spread out

onto a stable spectrograph. As noted above, instrumental errors are one of the main noise terms

in determining the overall error budget for a given RV observation. These errors come from a

variety of sources, including 1) changes in temperature in the spectrograph which cause thermo-

elastic distortions of the spectrograph optical train that in turn shifts the spectra on the detector

and changes the focus; 2) changes in atmospheric pressure which cause structural deformation

of the spectrograph; 3) the motion of the spectrograph itself due to vibrations of the facility as a

whole or of the instrument itself 4) stresses induced upon the spectrometer structure that cause

strains and bending in the mechanical structure or 5) changes in air temperature, pressure, and

even humidity inside the instrument which change the index of refraction of the air. All of these

events can result in lateral shifts of the spectra and focus errors (Podgorski et al., 2014).

The Levy spectrograph sits inside a temperature stabilized chamber which we can
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control to a precision of 0.1◦C. This keeps the yearly and daily temperature swings on Mt.

Hamilton (spanning 90◦between seasons, and often 20◦or more just over the course of one

night) from influencing the instrument. The Levy is not pressure controlled, however, and

shifts in the spectrograph’s position that correlate with changes in the atmospheric pressure are

noticeable over hourly-daily timespans. Fortunately our RV reduction software is capable of

noticing and removing these shifts, which are of the same order as planetary signals, through

the use of wavelength calibrating I2 absorption lines, so the lack of vacuum control does not

affect our science at the 1m s−1 level (Vogt et al., 2015). The telescope itself is operated mainly

in a “wind-shielding” mode, which keeps the shutters open just enough to track the target star

through each exposure and thus helps to limit the amount of wind-shake inside the dome which

would otherwise lead to vibrational instabilities (Lanclos et al., 2014).

1.3.4 Internal Uncertainty

Radial Velocity internal uncertainty is defined as the RMS about the mean of the

velocity values of the 700+ individual 2Å chunks that make up a single stellar spectrum, divided

by the square root of the number of chunks. Thus, the internal uncertainty represents errors in

the fitting process, which are dominated by the photon noise. The internal uncertainty does not

include potential systematic errors associated with the instrument (σinst), nor does it account for

astrophysical noise (σ jit) associated with the star and therefore represents only a lower limit to

the accuracy of the data for finding companions (Burt et al., 2015).

Without the ability to extract RV values from stellar spectra with sub-m s−1 precision,

there is little a telescope facility (even one that addresses the resolution, cadence and stability
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criteria discussed above) can do to detect small semi-amplitude signals. In addition to being

the only way to detect subtle planetary signatures, being able to produce data with a small

internal uncertainty also provides the clearest picture of what the target star’s activity looks like

and allows for potential characterization and removal of correlated activity signatures. Since

the APF’s commissioning, we have been using the RV reduction pipeline first presented in

Butler et al. (1996a). This pipeline has continued to evolve over the past two decades, and has

demonstrated the ability to produce sub-m s−1 signals on a variety of recent publications (see

e.g. Burt et al., 2015; Vogt et al., 2015).

1.4 Thesis outline

Taken together, the APF telescope, Levy echelle spectrograph and the Butler reduc-

tion pipeline form a specialized and competitive approach to RV exoplanet science. In the

following pages, I present my work using and improving the APF telescope and the Levy spec-

trograph, from the facility’s commissioning in 2012 through Spring of 2016. In Chapter 2 I

present an overview of the telescope and instrument themselves, making particular note of the

various ways in which they meet the high resolution, high precision and longterm stability cri-

teria outlined above. Then in Chapter 3 I describe the development and implementation of the

dynamic scheduler that autonomously operates the APF each night, making minute-to-minute

decisions about the best stars to observe based on both atmospheric conditions (seeing, cloud

cover, etc) and the science goals of my team. Chapter 4 describes the detection of one of the

APF’s first planets, GL 687, a Neptune mass planet orbiting a nearby M-dwarf star. The APF’s
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two multi-planet system detections are then discussed in part in Chapter 5. Next I describe the

next generation scheduler that I am currently designing/testing in order to optimize the APF’s

collaboration with NASA’s upcoming TESS mission in Chapter 6, and predict what contribu-

tions the APF will be able to make to the planetary mass-radius diagram. Finally, I conclude

in Chapter 7 with a summary of current and upcoming plans for the APF, emphasizing the role

it can play as we transition from planet detection to planet characterization with TESS and the

James Webb Space Telescope coming on line later this decade.
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Chapter 2

Overview of the Automated Planet Finder

2.1 Introduction

The Automated Planet Finder (APF) is a 2.4m, f/15 telescope located at the UCO’s

Lick Observatory, atop Mt. Hamilton. The telescope has been specifically optimized to de-

tect and characterize extrasolar planets via high precision, radial velocity observations using

the Levy spectrometer. Observing time on the telescope is divided such that ∼80% is spent

on exoplanet related research and the remaining ∼20% is made available to the University of

California consortium for other science goals.

The APF achieved first light in Winter 2012/2013 and began producing science qual-

ity observations in Summer 2013. The exoplanet time on the telescope is currently operated

under a shared-time policy in which two teams (one based at UC Santa Cruz and one based

at UC Berkeley) each get 40% of the observing time each quarter after programs that help to

finance the telescope are taken off the top. This procedure was implemented in Winter 2013/14
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Figure 2.1: Internal uncertainty values for the UCSC APF team’s RV exposures between July
1, 2013 and March 1, 2016.

and works on a whole-night allocation system.

Between July 1, 2013 and March 1, 2016 our team at UCSC has obtained ∼ 8300

individual RV exposures (meaning that no binning has occurred) spanning some 1100 hours of

open shutter exposure time. The internal uncertainties (see §3.2.2 for a detailed explanation of

this parameter) of the individual exposures are shown in Figure 2.1. The prominent spike of

exposures at ∼ 1 m s−1 precision showcases the APF’s performance abilities and establishes its

position as a world-class RV facility.
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2.2 Technical Specifications of the APF

2.2.1 Telescope Characteristics

The telescope has an Alt-Az mount and two Nasmyth foci. At one of these foci

sits the Levy Spectrometer, a high-resolution prism cross-dispersed echelle optimized for high

precision radial velocity research. The other focus is currently vacant but offers a well-corrected

2 arc-minute diameter FOV. The diameter of M2 is kept small to minimize central obstruction

losses, and mirrors M2 and M3 are coated with enhanced silver for higher efficiency in the

visible. M3 is also on a motorized rotation stage that provides rapid (30-second) switchover

between the two Nasmyth foci.

The telescope is housed in an Ice-Storm dome that is slaved to the telescope and co-

rotates with it. The dome has dual shutters that can be used either in a split- shutter mode for

best wind protection, or with both shutters over the top to enable access to targets at elevation

angles below 43 degrees. Both telescope and dome can slew at 3 degrees/sec in azimuth and

2 degrees/sec in elevation. The telescope can point all the way down to the horizon, can work

down to about 15 degrees elevation without vignetting, and up to within 3 degrees of the zenith.

There are no other limitations on sky coverage. The dome includes AC units to keep the in-

ternal temperature close to the expected nightly average and large vent doors to allow rapid

temperature equalization.
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Figure 2.2: A schematic of the APF’s optical train, starting with the beam from the tertiary
mirror.

2.2.2 Levy Spectrometer Characteristics

The Levy spectrometer is a prism cross-dispersed echelle. It features a 200mm diam-

eter collimated beam and achieves a throughput (resolution x slit width product) of 114,000 arc-

seconds. The optical train (2.2) is supported within a determinate structure Invar space-frame

that has been optimized to provide a high degree of passive athermalization to hold constant

focus, image scale and image position. An all-dioptric f/3.17 lens group, used in double-pass,

serves as both the collimator and camera. Cross-dispersion is done by a prism, also used in

double pass. Further characteristics of the spectrometer can be found in Table 2.1.
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Table 2.1: Levy spectrometer characteristics

Parameter Characteristics

Collimator/camera EFL 483.4 mm; f/3.17
Grating 41 gr/mm R-4 Echelle (214x840mm)

Detector E2V CCD42-90
Detector dimensions 2048x4608

Pixel size 13.5 µm
Dispersion at 5500Å 1.46 Å/mm or 0.0197 Å/pixel

Spectral coverage 3743–9800Å(small gaps above 7500Å)
Order separation 8” at 7800Å, increasing to 13” at 3700Å

Max spectral resolution ∼150,000 at 5500Å
Thermal control passive athermalization, insulated housing,

temperature control at 0.1C
Slit dimensions (w x l) 0.5x8", 0.75x8", 1x8", 2x8", 8x8", 1x3", 2x3", 1x12" , 2x12"

Maximum slit length 7.5” (without order overlap)
Filters none

CCD readout time ∼40s
CCD readout noise 3–4 electrons
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Table 2.1 (cont’d): Levy spectrometer characteristics

Parameter Characteristics

Arc lamps Thorium-Argon, 50W incandescent
Wavelength calibrations Iodine absorption cell

Fringing Some visible redward of ∼6500Å

2.2.3 Atmospheric Dispersion Corrector

Light incoming from the tertiary mirror (M3) first enters an input hatch that is used

to help keep out dirt and dust and then encounters a trombone-style atmospheric dispersion

corrector (ADC). The ADC removes, to very high degree, the dispersion caused by atmospheric

refraction that spreads the stellar seeing disk at the slit into a spectrum. If not removed, such

dispersion causes image motion, light loss at the slit, and variable (elevation dependent) echelle

order separation. Uncompensated atmospheric dispersion at 15◦ elevation, together with the

3740-9500Å spectral range of the Levy’s echelle format, produces a widening of the stellar

seeing disk into a spectrum that is over 7 arc-seconds long at the slit. Such dispersion generally

would not be aligned with the slit, producing significant spectrally-dependent light loss and

image motion, both of which would also be elevation dependent. This style of ADC works

extremely effectively, and produces essentially perfect atmospheric dispersion compensation

all the way down to 15◦ elevation.

2.2.4 Guide Camera

The APF relies on having a telescope with very tight closed-loop guiding specifica-

tions, and uses a rather different scheme for the guider camera optics. Instead of guiding on
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light spilled off of reflective slit jaws, or off of a reflective slit aperture, as is often done, the

APF guider system uses a beamsplitter to pick off 4% of the light, presenting a fully symmetric

and un-vignetted stellar seeing disk to the guide camera. We originally used a pellicle beam-

splitter, uncoated on one side, and antireflection-coated on the other side as the beamsplitter.

However, the pellicle was sensitive to mechanical vibrations in the telescope structure and was

thus replaced by a 3-mm thick fused silica plate, uncoated on the front side and AR-coated on

the back side.

2.2.5 Target Acquisition

Targets are acquired using a Princeton Instruments PhotonMax camera. This guide

camera uses a thermo-electrically cooled frame-transfer CCD with 16 µum pixels in a 512x512

format (8.2mm x 8.2mm). It has both a conventional and a charge-multiplying readout ampli-

fier; the former enables acquisition of targets as faint as Vmag=15 while the latter can access

target as faint as Vmag=18. The image scale is 0.107 arc-sec/pixel, yielding a 55”x55” FOV.

All-sky pointing of the telescope is excellent at about 3–4" RMS down to 15◦ elevation, so

targets always end up in the guider FOV. There is no image rotator. The guider is fed by a

beam-splitter that directs 4% of the incident light to the guider camera. Guiding is thus done

directly on a small fraction of the image, rather than on light spilled off of slit jaws. The en-

trance slit is not viewable during guiding. Instead, a guide box is superimposed on the CCDTV

image that marks the location of the slit. An exposure meter function keeps track of photons

falling within the slit box, and can be set to terminate the exposure at some desired exposure

value. More importantly, the exposure meter also calculates the photon-weighted time centroid

26



of each observation that is required for computing accurate barycentric corrections.

• Magnitude limits of guider: V∼ 4 − 15 (in safe mode); down to V=18.5 with charge

multiplication mode, though this will require further software effort to provide safeguards

for the camera.

• Guider FOV: 55” x 55” at 0.108”/pixel

• Telescope pointing accuracy (absolute): < 3 - 4" RMS (for elevations 15-88◦)

2.3 Observing Performance

2.3.1 Spectrograph Stability

To ensure an optimal observing set up, we periodically asses the stability of the de-

terminate magnesium invar structure to which the Levy spectrograph is attached. Monitoring

the spectrograph’s movement over weeks or months allows us to identify thermal shorts with

the outside of the instrument enclosure, and to characterize the Levy’s response to changes in

atmospheric pressure as the enclosure is not pressure controlled.

The stability analysis is based on a series of ThAr lamp exposures taken through the

pinhole decker of the instrument. We take one pinhole exposure at the beginning of each night’s

observing to create a long-term baseline, in addition to occasional all night series of exposures

to track the instrument’s short term response to environmental conditions. These exposures

create a ‘map’ of spectral lines which are then fed into a Fourier shift analysis algorithm that

can determine shifts in both the echelle dispersion and cross-dispersion directions.
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Figure 2.3: A time series of shifts observed in the Levy spectrograph via ThAr exposures taken
through the pinhole decker. Blue points are the shifts in the dispersion dimension and red points
are shifts in the cross-dispersion direction. The two shifts rarely span more that 0.5 pixels over
a single night, and stay within ∼ 2 pixels of their respective mean values over the 3 year time
span depicted in this plot.

All pinhole ThAr images have their shifts calculated with respect to a zero point image

taken in Fall 2013. The directional shifts rarely span more that 0.5 pixels over a single night,

and stay within ∼ 2 pixels of their respective mean values over the 3 year time span depicted

Figure 2.3. The dispersion and cross-dispersion direction shifts correlate strongly with one

another, producing a Pearson Product-Moment Correlation value of r = 0.511, which suggests

that whatever is causing the individual shifts is affecting both directions. Further examination

of the cross-correlation function of the two shift series showed no notable lag between the two

series, so the shifts happen simultaneously and one direction is not pulled along by the other.

The movement of the spectrograph over time is mostly decoupled from the average
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Figure 2.4: The dispersion direction shifts of the Levy spectrograph compared to the average
temperature of the internal struts that support the instrument’s camera. The struts are controlled
to ∼ 0.1 ◦C and the spectrograph’s motion is mostly decoupled from the small temperature
swings that do exist.

temperature of the internal struts that hold the camera in place, which we have been controlling

to ± 0.1◦C since November of 2013 (Figure 2.4). The internal camera struts do show some

correlation with the outside dome temperature, however, especially when the outside tempera-

ture exceeds 17◦C (Figure 2.5). During the hottest parts of the year (generally August-Sept),

the internal strut temperature can be increased by up to 0.5◦C from its nominal value of 17.5◦C,

as seen in the pink data of Figure 2.4 at ∼ 900 and 1300 days. This cross-talk shows that our

internal strut control loop is better at heating than it is at cooling, and emphasizes why the

instrument’s athermalization design is key.

The spectrograph’s movement in the dispersion direction does, however, clearly cor-
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Figure 2.5: The external dome temperature (averaged from the 4 telescope struts) plotted
against the average temperature of the internal camera struts. There is some correlation over
the seasons, especially in the summer with the dome temperatures reach >17◦C. Even though
we actively control the internal strut temperatures to ± 0.1◦C, they still feel the effects of the
outside temperatures when the cooling control loop can’t produce enough flow.
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Figure 2.6: The Levy spectrograph’s movement in the dispersion direction correlates with
the outside atmospheric pressure. This is not surprising as the Levy is not pressure controlled,
and further investigations reveal no evidence of systematic errors in our RV data due to the
pressure-driven shifts.

relate with the atmospheric pressure (Figure 2.6). As noted above, the Levy is not pressure

controlled, nor is it in a vacuum sealed enclosure, so this correlation is not surprising. A pres-

sure shift of 20 hPa, which is not an unreasonable range to cover over the course of 24 hours,

can move the spectrograph roughly 1 pixel in the dispersion direction. So over an 8-10 hour

night of observing, we can see spectrograph shifts of up to 0.5 pixels (which explains much

of the variation in Figure 2.3). Upon realizing the magnitude of this effect, we carried out a

series of experiments looking for systematic errors in our RV standard stars’ data due to these

pressure-driven shifts, but found no evidence of errors or reason for concern (see §2.3.2 for

more detail).
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2.3.2 Environmental parameters

Fulton et al. (2015) report use of radial velocity data obtained using the APF telescope

to characterize a multiple-planet system orbiting HD 7924. In the course of their analysis,

they investigated correlations with environmental parameters such as air pressure and CCD

temperature, and find improvements up to a factor of two in the RMS of APF velocities when

the data is de-trended against these factors.

In light of these results, we initiated a similar set of experiments. We compared the

velocity values for the RV standard stars HD 185144, HD 9407 and HD 10700 against all of

the environmental parameters stored for each observation. We detect no notable correlation

between the Doppler velocity measurements and any of these factors. When fitting linear trends

to the velocities as a function of air pressure, we see the RMS change from 1.84 ms−1 to 1.81

ms−1 for HD185144, 2.13 ms−1 to 2.11 ms−1 for HD 10700 and 2.46 ms−1 to 2.33 ms−1 for

HD 9407. Similarly, when fitting against the CCD temperature we see changes in the RMS of

1.84 ms−1 to 1.71 ms−1, 2.13 ms−1 to 2.13 ms−1 and 2.46 ms−1 to 2.42 ms−1 for HD 185144,

HD 10700 and HD 9407, respectively.

In our view, it is likely that the difference in correlation strengths stems from the dif-

ferent instrument focusing procedures and data reduction pipelines used in the separate analyses

of the HD 7924 and HD 219134 spectra. Due to the lack of evident trends, we have elected not

to decorrelate our data set against environmental variables.
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2.3.3 Resolution

Figure 2.7 shows a representative plot of the Levy’s spectral resolving power at 5120

Å, which is in the center of one of the bluest orders in the Iodine region. The resolutions are

derived from spectra of the B2V star HR 496 taken through the telescope’s 0.5, 0.75, 1 and

2 arcsecond slits with the iodine cell in the path. With the 0.5” slit, which we use for taking

the template observations that are key to our RV science, resolutions at or above 100,000 are

achieved across the entire Iodine region, in some cases reaching as high as 150,000. All of the

curves in Figure 2.7 were taken at a single, best-focus position for the instrument. If instead we

were to focus the instrument anew when using different slits or when studying different regions

of the echelle format, we would see further improvements in the spectra’s peak resolution.

Our standard, non-template, RV observations are all taken through the 1 arc-second slit, which

produces resolutions of 90,000 - 120,000 throughout the iodine region.

2.3.4 Telescope efficiency

The APF optical path exposes incoming light to a total of 47 surfaces including the

telescope mirrors and the CCD. A thorough understanding of the telescope’s total efficiency is

key to developing accurate exposure time calculators and for monitoring the condition of the

primary, secondary and tertiary mirrors over month to year timescales. In order to quantify the

telescope’s efficiency, we target spectrophotometric standard stars presented in Massey et al.

(1988) and/or Stone (1996) and observe them on the APF using the “wide-open” 8"x8" slit.

After the spectral orders of each observation are extracted, we smooth the spectra,

remove cosmic rays and clip off 200 pixels at the beginning and end of each order to help
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Figure 2.7: Spectral resolving power of the Levy at 5120 Å through a variety of slits.

reduce edge effects. We fit a 4th order polynomial to each order’s smoothed spectrum, and use

the fit and the observation’s exposure time to determine the incident rate of photons/second/pixel

in each pixel of that order. We then determine the “expected" number of counts based on the

procedure outlined in Massey et al. (1988), where we estimate the atmospheric extinction for

each observation using Hayes and Latham (1975) which is based upon work done in-part at Lick

Observatory. By comparing the expected and actual photon/second rates at the wavelengths

tabulated in the spectrophotometric standard reference papers listed above, we can calculate

the total efficiency of the entire optical train of the APF - from the primary mirror all the way

through to the CCD.

The most recent efficiency estimates (performed in September of 2015) predict a peak

efficiency of∼ 14% at 5700 Å. Figure 2.8 depicts efficiency curves for a variety of photometric
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Chapter 3

The capabilities and performance of the

Automated Planet Finder telescope with the

implementation of a dynamic scheduler

3.1 Introduction

The Doppler Velocity technique now has two decades of success in enabling extraso-

lar planetary detections. It has produced candidates with masses approaching that of Earth, and

has been especially successful in detecting long period planets. In recent years, Doppler Ve-

locity confirmations have proven vital to gaining an understanding of the planetary candidates

discovered by photometric space missions, especially Kepler. Doppler Velocity campaigns are

responsible for 31% of the 1854 confirmed planetary discoveries in the past three decades, but

they account for 87% of the 330 confirmed planets with periods longer than 1 year (Zolotuhkin,

1995). Ground-based facilities, furthermore, are amenable to the operation of long-term sur-
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veys due to their relativity low construction and operational costs along with their ability to be

upgraded as instrumentation improves.

In order to find analogs of our own solar system, we need to extend the catalog of suc-

cessful radial velocity (RV) planet detections to encompass longer-period planets (particularly

true Jupiter analogs) and smaller mass, short-period planets. This means observing efforts must

increase their temporal baselines and cadence of observation to more effectively populate each

planet’s RV phase curve.

The Automated Planet Finder, located at the Mt. Hamilton station of UCO/Lick Ob-

servatory, combines a 2.4-m telescope with a purpose-built, high-resolution echelle spectro-

graph, and is capable of 1 m s−1 Doppler Velocity precision(Vogt et al., 2014b). Eighty percent

of the telescope’s observing time is specifically dedicated to the detection of extrasolar planets.

This time is shared evenly between two exoplanet research groups, one at UC Santa Cruz and

one at UC Berkeley. Time is allocated in whole night segments, with a schedule developed

quarterly by the telescope manager. Target lists and operational software are developed sep-

arately as the two exoplanet groups are focused on different types of planet detection/follow

up. For a description of the UC Berkeley planet detection efforts, see Fulton et al. (2015). The

remaining 20% of telescope time is dedicated to at-large use by the University of California

community. All users are allowed to request specific nights if it is beneficial to their science

goals (for example: to obtain RV values while a planet transits its star), and such requests are

taken into account by the telescope manager when setting the schedule.

The APF leverages a number of inherent advantages to improve efficiency. For exam-

ple, its Levy spectrometer, a high-resolution prism cross-dispersed echelle spectrograph with a
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maximum spectral resolving power of R∼ 150,000, is optimized for high precision RV planet

detection (Radovan et al., 2010; Vogt et al., 2014b). A full description of the design and the

individual components of the APF is available in Vogt et al. (2014b).

To support long-running surveys, we have developed a dynamic scheduler capable

of making real-time observing decisions and running the telescope without human interaction.

Through automation and optimization, we increase observing efficiency, decrease operating

costs and minimize the potential for human error. The scheduler’s target selection is driven

by balancing scientific goals (what we want to observe based on scientific interest, required

data quality, and desired cadences) and engineering constraints (what we can observe based

on current atmospheric conditions and physical limitations of the telescope). To address these

criteria, we need to know how the velocity precision extracted from a given stellar spectrum

depends on inputs that can be monitored before and during each observation. We have assessed

the influences of the various inputs by analyzing 16 months of data taken on the APF between

June 2013 & October 2014.

The plan of this paper is as follows: in § 3.2 we describe the current APF radial

velocity catalog, paying special attention to the variety of spectral types and the frequency

of observations. In § 3.3 we evaluate the relations between velocity precision and parameters

including stellar color and V band magnitude, airmass, seeing, date of observation and atmo-

spheric transparency and we explain how these relations inform the nightly decision-making

process executed by the observing software. In § 3.4 we outline the parameters that were as-

sumed to be important prior to on-sky observations, but that have since been determined to have

little relevance. In § 3.5 we describe how the relevant relations are integrated into the schedul-
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ing software, and we discuss its structure, its dependencies, and its capabilities. In § 3.6 we

discuss other automated and semi-automated observatories and highlight both the similarities

and differences between those systems and that employed by the APF. Finally we conclude in

§ 3.7 by reviewing the application of the APF’s automated observing strategy to the telescope’s

current and upcoming observing scientific campaigns.

3.2 Data set description

3.2.1 Description of observing terminology

This paper differs from most publications discussing precision radial velocity work

in that all of the plots, equations and discussions presented are based on individual, un-binned

exposures of stars. It is well known that pulsation modes (p-modes) in stars cause oscillations on

the stellar surface, adding noise to the RV signal. It has also been well documented that the noise

imparted by these p-modes in late-type stars can be averaged over by requiring total observation

times longer than the∼ 5−15 minute periods typical of the pulsation cycles (Santos et al., 2004;

Dumusque et al., 2011). Thus the majority of radial velocity publications, especially those

dealing with exoplanet detections, present binned velocities and error values. That is, they take

multiple, individual exposures of a star during the night and then combine (bin) them to create

one final observation with its own velocity and internal error estimate (Dumusque et al., 2011;

Burt et al., 2014; Fulton et al., 2015). The binned observations therefore contain more photons

than any individual exposure, but, more importantly, average over the pulsation modes on the

star, and therefore exhibit a measurably smaller scatter (Figure 3.1).
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Figure 3.1: Our radial velocity dataset for the RV standard star HD 185144 showing the indi-
vidual exposures (open circles in black) and the resulting binned velocities (solid circles in red).
The binned velocities have a much smaller RMS value (0.99 m s−1 for the first 120 days and
1.72 m s−1 over the entire 400 day span, compared to the 1.72 m s−1 and 2.06 m s−1 exhibited by
the un-binned data over the same respective time spans) due to their increased signal-to-noise.
Additionally the individual exposures are each ∼60 seconds long while the binned velocities
span at least∼5min, so they average over the p-modes of the star. This paper uses the individual
exposure data when carrying out all further analyses and calibrations. The change in the RMS
values between the first 120 days and the full data set is largely due to a change in observing
strategy. After the first 4 months we started observing HD 185144 less frequently and with
fewer exposures in each observation to allow for more targets to be observed each night.
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These terms, exposure and observation, will be used specifically throughout this pa-

per to help make clear to the reader whether we are talking about an exposure - a single instance

of the shutter being open and collecting photons from the star, or an observation - the combi-

nation of all exposures taken of a star over the course of a night. Similarly, exposure time will

refer to the open shutter time during one exposure and observation time will refer to the total

open shutter time spent on a target between all exposures. In the case of the star’s observation

consisting of only one exposure, then the observation time is equivalent to the exposure time.

3.2.2 The APF data set

The APF’s star list is made up of legacy targets first observed as part of the Lick-

Carnegie exoplanet campaign using the HIRES spectrograph on the Keck I telescope. Stars for

the Lick-Carnegie survey were selected based on three main criteria:

• Spectral type between F5 and M : stars with spectral types earlier than F5 exhibit oscil-

lations that can produce pseudo-Keplerian signals, and are fast rotators with few spectral

lines so they are avoided

• Single stars : no stars with companions closer than 5", as this can lead to scattered light

from the nearby companion making its way into the spectrograph slit and contaminating

the target star’s signal

• Quiet stars : Only stars without large amounts of emission in the Ca II H & K line cores

are permitted, as core emission in these lines is an indicator of stellar chromospheric

activity (Noyes et al., 1984) which means increased stellar jitter, making the planet signals
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harder to detect.

The resulting Lick-Carnegie target list is comprised of ∼1800 stars, which have been

monitored using Keck/HIRES over the past two decades. When creating the initial target list

for the APF, the Lick-Carnegie star list was culled for targets with V magnitudes brighter than

12 and declinations above -20◦. In order to efficiently prove the APF’s capabilities, we selected

stars with suspected short-period planets (P <100 days) that required only 1-2 more rounds of

phase coverage to verify. The presence and the false-alarm probabilities of these short-period,

Keplerian signals were determined by analyzing the existing Keck/HIRES RV datasets using

the publicly available Systemic Console (Meschiari et al., 2009a). Systemic allows users to

fit planetary signals to RV data and derive the orbital properties, while also providing tools to

handle error estimation and assess orbital stability. This selection process resulted in a list of

127 stars.

The calibrations described in this paper are based on data taken with the APF between

June 2013 and October 2014. The data set includes precision Doppler observations of 80 of the

127 stars selected from the Lick-Carnegie survey and this is before the development/inclusion

of the dynamic scheduler, thus all data in this paper were obtained using fixed star lists. Our

precision Doppler observations encompass spectra of 80 stars and incorporate 600 hours of open

shutter time. The stars span spectral types from early G to mid M, have 3.5 <V <12, and are all

located within 160 pc (Figure 3.2).

Every APF star has a set of observations containing between one and seven hundred

exposures. Individual exposures are restricted to a maximum length of fifteen minutes to avoid

cosmic ray accumulation and to minimize uncertainty when calculating the photon-weighted
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Figure 3.2: Color-Magnitude diagram for stars observed with APF and used in the analysis
described herein. Color coding represents the number of exposures that have been obtained
for each star. Our dataset spans a wide range in color and magnitude and contains stars with
spectral types from F6 to M4.
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midpoint times. Additionally, we enforce a total observing time limit of one hour per target per

night to ensure that telescope time is not wasted on observing faint objects when conditions are

poor.

For each individual exposure, the FWHM (the average FWHM of the star over the

integration time) of the guide camera’s seeing disk is logged in the FITS image header, along

with the total number of photons from the exposure meter and the total exposure time. Colors,

magnitudes and distances for the stars are obtained from SIMBAD (Wenger et al., 2000).

All spectra are analyzed using the data reduction techniques described in detail by

Butler et al. (1996a), which produces a measurement of the stellar RVs and associated internal

uncertainties. The reduction pipeline analyzes each exposure’s extracted spectrum in 2Å chunks

and determines the radial velocity shift for each chunk individually. The final reported velocity

is the average over all the chunks, while the internal uncertainty is defined as the RMS of the

individual chunk velocity values about the mean, divided by the square root of the number

of chunks. Thus the internal uncertainty represents errors in the fitting process, which are

dominated by the photon noise. The internal uncertainty does not include potential systematic

errors associated with the instrument, nor does it account for astrophysical noise (or "jitter")

associated with the star and, therefore, represents only a lower limit to the accuracy of the data

for finding companions.

3.2.3 Determining additional systematic errors

We use the APF’s 737 individual exposures of HD 185144 (Sigma Draconis, HR

7462), a bright RV standard star, to estimate the precision with which we can measure radial
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velocities. It should be noted that the radial velocity values produced by our analysis pipeline

are all relative velocities and thus have a mean value set for convenience to zero. We examine

the unbinned, or individual, exposures, finding that star’s mean internal uncertainty is µint = 1.0

m s−1 and that the mean of the absolute values of its velocity measurements is µabs = 1.8 m s−1.

Because µabs includes effects from the internal uncertainty in addition to other sources of error

such as the stellar jitter and the instrument systematics, its value is always higher than the

internal uncertainty value for a given exposure.

The difference between these two parameters implies an additional quadrature offset

of 1.5 m s−1, which we then generalize as σs = 1.5 m s−1 (Figure 3.3). We take this offset value

to represent the additional error contributions from all other systematics, including the known

5-15 minute pulsation modes of the star that the binned data averages over and the systematics

from the instrument. If, instead, we compared the mean internal uncertainty to the standard

deviation of the velocity measurements (σvel = 2.3 m s−1) we would require a larger additional

offset term (σs = 2.0 m s−1)1. We note, however, that the data are strongly affected by the

velocities of exposures that fall in the outlying, non-Gaussian tail. We thus choose to determine

our error estimate using the mean of the absolute values of the velocity measurements (instead

of the standard deviation of the velocities) as it mitigates the influence of the outliers.

We use the relations of Wright (2005), which presents radial velocity jitter estimates

at the 20th percentile, median and 80th percentile levels to assess the expected stellar activity for
1As stated, the internal uncertainties and velocities used in this analysis are extracted from the individual spectra

obtained by the telescope. Our normal operational mode determines the internal uncertainties from data binned on a
two hour time scale, which is the approach used by Vogt et al. (2014b) and yields a standard deviation of σbin = 1.05
m s−1 for HD 185144. This value is notably smaller than the standard deviation of the individual velocities, σvel = 2.3
m s−1, because we deliberately acquired 6 observations of HD 185144 in order to both average over the pulsation
modes and achieve a high precision for the final binned observations.
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HD 185144. We find an estimated median jitter of σ′rv = 3.5 m s−1, and a 20th percentile value

of 2.3 m s−1. Noting that the 20th percentile value matches the σvel for our exposures, obtained

over a timespan of 400 days, suggests that the star is in fact intrinsically quiet. That is to say,

we expect only 20% of stars with the same evolution metric, activity metric (both described by

Wright 2005) and B-V color as HD 185144 to have activity levels less than 2.3 m s−1. Given

that we measure µabs = 1.8 m s−1, HD 185144 is, at a minimum, much quieter than expected

based on its color, activity and evolution. Even so, it is reasonable to expect that some fraction

of the observed uncertainty is due to the star itself (astrophysical noise) or currently unknown

planets rather than instrumental effects, thus indicating that the instrument is performing very

well.

To verify that the size of the offset between µint and µabs is not specific to the HD

185144 data set, we compare the mean values of these parameters for every star observed by

the APF during the time span of Figure 3.3. That is, we apply the same procedure detailed

above for HD 185144 to all stars observed during the same date range, and then compute and

compare the mean values of µint and µabs for each star’s set of exposures (Figure 3.4). As

expected, the values for the mean of the absolute radial velocity values are always higher than

the mean internal uncertainty values because µabs includes the effects of the internal uncertainty

combined with additional sources of error such as the stellar jitter and instrument systematics.

Additionally some of these stars are planet hosts, and thus display even higher µabs values

because of the planet’s influence. However the quietest, non-planet hosting stars are able to

reach µabs values of slightly less than 2 m s−1, suggesting that the additional error offset value

determined using HD 185144 (σs = 1.5 m s−1) is appropriate.
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Figure 3.3: Radial velocities from APF exposures on the star HD 185144 [G9V, mv = 4.68],
737 points in total. The internal uncertainty estimates produced by the data reduction pipeline
are noticeably smaller than the actual spread in the data. The internal error does not account for
telescope systematic errors or sources of astrophysical noise in the star. Our average internal
uncertainty is µint = 1.0 m s−1 (blue line) but we find the mean absolute value of the HD185144
velocity measurements to be µabs = 1.8 m s−1 (purple line). We adopt an estimate that the
additional systematic uncertainty in our velocity precision is σ = 1.5 m s−1.
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Figure 3.4: Mean values of µint and µabs for each star observed during the same time span as
the HD 185144 analysis presented in Figure 3.3. The µabs values are always larger because they
include the internal uncertainty in addition to other effects such as stellar jitter and instrument
systematics. For bright, quiet stars it is possible to reach µabs values of 1.8 m s−1.
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3.3 Observing inputs

To create an efficient and scientifically informative exoplanet survey we must bal-

ance scientific interest in a range of target stars with the observing limitations presented by the

weather and the telescope’s physical constraints.

3.3.1 Parameters of scientific interest

There are a number of criteria of astronomical importance. For each star, the follow-

ing parameters are utilized by the scheduling software to determine whether the star is given a

high rating for observation:

• Observing priority - a numerical rating that reflects the observers’ assessment of potential

Keplerian signals in the RV data.

• Desired cadence - dictates the desired wait time between observations of a specific target.

• Desired precision - the average allowable internal velocity uncertainty for measurements

of a specific target.

Both observing priority and cadence are determined via the observers’ examination of

the star’s existing data set. As mentioned in Section 3.2, we use the publicly available Systemic

Console to analyze our RV data sets. The console produces a Lomb-Scargle periodogram from

the selected RV data set, which displays peaks corresponding to periodic signals in the data.

When a peak surpasses the analytic false alarm probability (FAP) threshold defined by this

method, the observers note the period and the half-amplitude of the signal and use those values
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to decide upon an observing cadence and desired level of precision that will fill out the signal’s

phase curve quickly and with data points of the appropriate SNR. The desired precision is

further refined if the observers have some knowledge of the star’s stellar activity, as this sets

a lower limit to the attainable precision. Details on the fitting procedures and the statistical

capabilities of the Systemic Console are described in detail in Meschiari et. al, 2009.

For each star, this information (along with other characteristics such as right ascen-

sion, declination, the V magnitude and the B-V color) is stored in an on-line Google spreadsheet

accessible to team members and the telescope software. This database of target stars drives the

survey design and target selection while also being easily accessed, understood and updated by

observers.

3.3.2 Relating iodine region photons to the internal uncertainty of RV values

In perfect conditions (no clouds, no loss of light due to seeing) all stars that are phys-

ically available and deemed in need of a new observation (based on their cadence) are simply

ranked by observing priority and position in the night sky and then observed one after another,

until dawn. Cloud cover and atmospheric turbulence, however, make such conditions rare. Fur-

thermore, stars with low declinations spend only short periods at low air mass. Consequently

there are a substantial number of constraints that affect the quality of an exposure. In order

to maximize the scientific impact of each night’s exposures, the conditions must be evaluated

dynamically, and data taken only when the desired precision listed in the database is likely to

be attainable.

To identify the targets that can be expected to attain their desired precision within
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the one hour observing time limit, the observing program must link the night-time conditions

and the physical characteristics of each star with the resulting internal uncertainty over a given

exposure time. To this end, we first relate the internal uncertainty of a given exposure to the

number of photons that fall in the iodine (I2) line-dense region of the spectrum (i.e. the λ ∼

5000 − 6200Å bandpass) where our radial velocity analysis is performed.

We fit the relation between internal uncertainty and photons in the iodine region sep-

arately for the G and K star data set (comprised of 2790 G star exposures and 957 K star

exposures) and the M star data set (comprised of 837 M star exposures). Because information

on a star’s RV value comes from the location of its spectral lines, we expect the M stars - which

contain many more spectral lines - to achieve better precision for the same number of photons.

This expectation is validated by Figure 3.5 where a vertical offset between the G/K star best-fit

line and the M star best-fit line is evident. Comparing the zero points for the best-fit lines (Ta-

ble 1), we find a factor of 2 difference between the stellar groups. Thus the M stars reach the

same level of internal uncertainty with half the number of photons required by the G and K star

population. Additionally, the slopes of both best-fit lines are close to the m= -2 expected for

shot-noise limited observations with m= -1.58 and -1.73 for the G/K and M stars, respectively.

The fact that the slopes are shallower than m= -2, indicating performance better than shot-noise

limited, is reasonable as the internal uncertainty only accounts for the errors resulting from the

extraction of the spectrum from the original FITS files. We emphasize that this is just a piece of

the error budget, and does not include other random or systematic errors.

The functional form of these best-fit lines is given by Equation 3.1. Note that the

numeric values for each variable (in the case of Eq 3.1, A and B) are listed in Table 1. This
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Figure 3.5: Observations of G (blue), K (green) and M (red) type stars during the 1.5 years
of APF/Levy observations. We plot the individual 2,790 G star exposures, 957 K star expo-
sures and 837 M star exposures. The gray diamonds represent M star data obtained using
Keck/HIRES as part of the Lick-Carnegie planet survey where the Keck/HIRES pixels have
been scaled to match the same Å /pixel scale as the APF/Levy (0.0183 /pixel). We find that
the G and K stars have the same zero point and the same slope, so we combine these two data
sets for this analysis. The green and blue dashed line represents the best-fit to the APF/Levy’s
combined G and K star dataset, while the red line shows the best-fit to the APF/Levy M star
data set which is fit separately due to the increase of spectral lines in later spectral types. As
expected, the APF/Levy M stars show higher data precision for the same number of photons in
the I2 region of the spectrum. The percent errors quoted on the figure are calculated using the
scatter in the difference between the observed I2 photons and the I2 photons from the best-fit
lines, so they represent the scatter of the sample and not the error on the mean. The dark gray
line is the best-fit to the Keck/HIRES M star data set. Comparing this to the red line reveals that
the APF requires 5.75x fewer photons in the I2 region to achieve velocity precision comparable
to Keck/HIRES on M stars down to at least Mv=10.
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format will be used for all relations presented in § 3.3.

Functional form of the fits applied in Figure 3.5 :

log10(Nmed) = A + B · log10(σint), (3.1)

Where Nmed is the median number of photons per pixel in the I2 region for a given

exposure, and σint is the estimated internal uncertainty for the resulting radial velocity value.

The gray points in Figure 3.5 correspond to spectra of M stars obtained with Keck/HIRES

since November 2002 as part of the Lick-Carnegie planet search. There are 168 stars rep-

resented, all with B-V > 1.2, resulting in 8872 individual exposures. In order to compare

these individual velocities to those obtained on the APF in a meaningful way, we rescale the

Keck/HIRES pixels so that they represent the same range of Å per pixel as those on the the

APF/Levy. This involves two different scaling factors as the HIRES instrument underwent a

detector upgrade in 2004 that changed its pixel size from 24µm to 15µm, resulting in different

sampling values. Applying these factors means that all of the data shown in Figure 3.5 repre-

sents the median number of e− per pixel, where each pixel covers 0.0183 - the native value for

the APF/Levy in the I2 region.

The figure shows that for M stars, the APF requires ∼5.75x fewer photons in the I2

region to achieve velocity precision comparable to Keck2 Speed estimates for the APF/Levy,
2Based on the work of Bouchy et al. (2001), we expect that for K dwarfs the relative speed should scale as the

"information content" Q(Connes, 1985), which is proportional to the ratio of the resolutions, Q∝ (RAPF/RHIRES). For
HIRES, the "throughput" (the resolving power times the angular size of the slit) is 39,000" (Vogt et al., 1994a) and
for the APF it is 114,000"(Vogt et al., 2014b). Normally HIRES was used with the 0.861" slit giving a filled aperture
resolution of 45k while for the Levy a 1" slit is used, so the ratio of the resolutions is 2.5. The Levy demonstrates
a larger than expected improvement over HIRES which could be explained by the increased number of lines in the
iodine region for M dwarfs. Further investigation is beyond the scope of the current paper but we plan to include
such analysis in a future publication. We note that the excellent seeing at MK means that some data were observed

53



carried out last year (Vogt et al., 2014b), show that the telescope and instrument together are

approximately 6x slower than Keck/HIRES. Combining these two effects indicates that the

APF has essentially the same speed-on-sky as Keck/HIRES for precision RVs of M stars. This

is not altogether unexpected, as HIRES was never specifically optimized for precision RV work.

The APF’s Levy spectrograph was purpose-built for high-precision, RV science and therefore

features much higher spectral resolution and finer wavelength sampling than HIRES. Both of

these factors, as well as the significantly higher system efficiency of the APF/Levy optical train

over that of Keck/HIRES (Vogt et al., 2014b), combine to make APF as fast as Keck/HIRES for

precision RV work on M dwarfs, at least down to Mv=10.

To assess whether the exposures of these stars represent a Gaussian distribution, we

compare the standard RMS and the scatter calculated using a Tukey’s biweight method around

each fit. The Tukey’s biweight scatter provides a more robust statistic for data drawn from a

non-Gaussian distribution as it less heavily weights the outliers, which are assumed not to be

part of a normal distribution (Beers et al., 1990). For the G and K star fit, the standard RMS is

0.182 while the biweight scatter is 0.186. Similarly, for the M stars, the standard RMS is 0.151

while the biweight scatter comes out to 0.155.

In the limit of a true Gaussian distribution, these two metrics would produce the same

result. Employing a bootstrap analysis of each method, we find the standard deviation of both

the RMS and the biweight scatter of the G and K star sample to be 0.002. Similarly, the standard

deviation of both the RMS and the biweight scatter of the M star sample is 0.003. Noting

the similarity of these standard deviations with the actual offsets found between the RMS and

with a much higher effective R, up to 90k, which may explain the large scatter we see in Figure 5.
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biweight scatter, we determine that the observations for both sets of stars are drawn from a

mostly Gaussian distribution.

3.3.3 Real-time effects

3.3.3.1 Data selection

Knowing the median number of photons per pixel in the iodine region required to

achieve a given level of RV precision enables us to determine the expected exposure time for a

star if we know how quickly those photons accumulate. To determine this rate and the relation

between the final exposure meter value and the number of photons in the I2 region (used to set

upper bounds on observing time) we study a subset of the year of APF data described in Section

3.2.

Cuts are applied to the main data set to select only those observations taken on clear

nights and in photometric conditions, as non-photometric data will induce skew in the results.

First, we select only exposures with seeing FWHM< 2”, which results in 935 individual obser-

vations. We then perform separate, multi-variate linear regressions on the photon accumulation

rate in the I2 region of the spectrum and the photon accumulation rate for the exposure meter

(Eq 3.2, Eq 3.4) on all remaining data points. In each case, we calculate the variance of devia-

tions from the best-fitting relation for all of the data. We also calculate the variance for all of the

points on a given night. We then reject nights using the F-ratio test. Namely, if the standard de-

viation of a given night is more than twice the standard deviation of the population as measured

by the Tukey’s biweight then all observations from that night are rejected. This results in data

sets of 865 exposures used in the I2 photon accumulation rate regression and 816 exposures in
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the exposure meter photon accumulation rate regression. Points that fall significantly below the

regression line are most likely due to clouds while those falling above the line are likely due to

erroneous readings from the exposure meter.

Once the nights with large variance have been removed, we repeat the regressions on

the remaining points to determine the actual fits described in Section 3.3.3.2. In Figures 3.6 and

3.7 the points in color are those used to perform the linear regressions, while the points in gray

are those we rejected after they were deemed non-photometric. Figure 3.8 uses the same set of

data as Figure 3.7 in order to keep only the normally distributed exposure meter readings.

3.3.3.2 Linear regressions

To determine the predicted observation time of a star, we perform a multi-variate lin-

ear regression using the trimmed dataset resulting from the procedure described in the previous

section. The regression estimates the rate at which photons accumulate in the pixels of the

iodine region of the spectrum, and accounts for [1] the star’s V magnitude, [2] its B-V color,

[3] slit loss due to the current seeing conditions, [4] the airmass based on the star’s location

and [5] the modified date of the observation (Figure 3.6). The modified date is calculated by

subtracting the maximum date from each observation following the selection process described

above. This makes the zero point of the relationship the value at the time of the last photometric

observation. We use the modified date parameter to address the degradation of the telescope’s

mirror coatings over time. When the mirrors are recoated it will introduce a discontinuity in

this parameter, and we will then adjust the zero point of all regression fits based on the new

throughput estimates and watch for any changes that develop in the slope of the regressions.
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Figure 3.6: Multi-variate linear regression of the iodine pixel photon accumulation rate which
incorporates stellar color, stellar magnitude, atmospheric seeing and airmass. Colored points
are used in calculating the regression, while gray points have been rejected as non-photometric
data as described in Section 3.3.3.1. The black line is a 1:1 relationship, and the grey dashed
line shows the relation offset by one standard deviation, which is the limit we use operationally.
The strong correlation between the data and the regression line enables prediction of the rate
of photon accumulation in the spectrum’s iodine region (a value not calculated until the data
reduction process) using the stellar properties and ambient conditions. We can thus estimate the
observation time required to meet a specific median I2 photon value, and, in conjunction with
Figure 3.5, a radial velocity precision.
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The multi-parameter fit over these five variables results in a best-fit plane, of which

we present a projection in Figure 3.6. To help visualize the goodness of fit, we plot the data

on one axis, the linear regression combination on the other and place a 1:1 line on top. This

approach is also used when plotting the linear regression in Figure 3.7.

The regression gives :

log10(rI2) = −
1

2.5

(
Vc +αI(B −V ) +βI(sec(z)) +γI(MJD) +CI

)
, (3.2)

with

Vc = Vm − 2.5 · log10( ft), (3.3)

where rI2 is the photon accumulation rate in the iodine region, z is the angle of the

star relative to zenith, MJD is a modified Julian date and ft is the fraction of the starlight that

traverses the spectrograph slit.

By dividing the number of I2 region photons necessary to meet our desired RV preci-

sion (derived from Eqn 3.1) with the photon accumulation rate in the I2 region calculated using

Eqn 3.2, we can determine the predicted observation time for a star for a specified internal uncer-

tainty in a given set of conditions. These predicted observation times account for atmospheric

conditions such as seeing and airmass, but do not address the issue of atmospheric transparency.

The APF lacks an all-sky camera with sufficient sensitivity to assess the brightness of individ-

ual stars, meaning that we cannot evaluate the relative instantaneous transparency of different

regions of the sky. Instead we must determine the transparency during each individual observa-
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tion by comparing the rate of photon accumulation we observe with what is expected for ideal

transparency. Although the I2 region photons provide a straightforward way to determine the

predicted exposure times, the number of iodine region photons is available only after the final

FITS file for an observation has been reduced to yield a radial velocity measurement. Thus we

cannot monitor in real time the rate at which they are registered by the detector to assess the

cloud cover.

Instead, we compute a transparency estimate during each exposure using the tele-

scope’s exposure meter. The exposure meter is created by using series of 2D images from the

guider camera that are updated every 1-30 seconds depending on the brightness of the target.

Rather than guiding on light reflected off a mirrored slit aperture, as is traditionally done, the

APF uses a beamsplitter to provide 4% of incoming light to the guider camera as a fully sym-

metric, unvignetted seeing disk. This allows a straightforward way to monitor how well the

telescope is tracking its target and provide realtime corrections to both under and over guiding -

both of which smear out the telescope’s point spread function on the CCD and result in broader

full width at half maximum values for spectral lines. Guide cameras that utilize the reflected

light off of a mirrored slit aperture are significantly more sensitive to these problems in good

seeing, as the majority of the light falls through the spectrograph slit. In our experience, the

loss of 4% of the star’s light is acceptable if it ensures that the telescope’s guiding is steady

throughout the night and across the different regions of the sky.

After each guiding exposure is completed, the guide camera then passes the 2D

FITS images it creates to the SourceExtractor software (Bertin and Arnouts, 1996) which ana-

lyzes each image and provides statistics on parameters such as the flux and full-width at half-
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maximum (FWHM), which are in turn used to evaluate the current atmospheric seeing. These

guide camera images are also used to meter the exposures. Each image is integrated over the

rectangular aperture corresponding to the utilized spectrograph slit, with background photons

(determined using adjacent, background-estimating rectangles) subtracted off to determine the

number of star-generated photons accumulated by the guide camera.

Analysis of the existing APF data suggests that the exposure meter rate (much like the

iodine photon accumulation rate) depends on the star’s color, its V magnitude, the atmospheric

seeing (in the form of slit losses), the airmass and the date of observation. A multi-variate linear

regression to the exposure meter rate over these five terms results in the correlation displayed in

Figure 3.7.

Because the exposure meter is rapidly updated, we can monitor photon accumula-

tion in real-time during an observation. Atmospheric seeing is already incorporated into the

Vc term in the linear regression (Eqns 3.3, 3.4), so any decrease from the expected exposure

meter rate likely stems from an increase in clouds and corresponding decrease in atmospheric

transparency. The ratio of expected exposure meter rate to observed exposure meter rate pro-

vides a “slowdown" factor that the scheduler tracks throughout the night and multiplies by the

predicted ‘clear night’ observation times calculated using Eqn 3.2 to determine a best guess

exposure duration.

The regression in Figure 3.7 gives :

log10(rE) = −
1

2.5

(
Vc +αE(B −V ) +βE(sec(z)) +γE(MJD) +CE

)
, (3.4)
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Figure 3.7: Multi-variate linear regression to the exposure meter photon accumulation rate, as
measured on the APF guider, which incorporates stellar color, stellar magnitude, atmospheric
seeing and airmass. Colored points are used in calculating the regression, while gray points
have been rejected as described in Section 3.3.3.1. The black line is a 1:1 relation, and the
grey dashed line shows the relation offset by one standard deviation, which is the limit we
use operationally. The strong correlation permits prediction of the expected exposure photon
accumulation rate for a given star in photometric conditions, and thus provides a measure of
the transparency. Any decrease in exposure photon accumulation rate from what is predicted is
presumed to arise from decreases in atmospheric transparency brought about by cloud cover.
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where rE is the photon accumulation rate on the exposure meter, αE , βE , γE and CE

have the same meanings as in Eqn 3.2 but for the exposure meter photon accumulation rate

instead of the Iodine photon accumulation rate, z is the star’s zenith angle, and Vc is defined in

Eqn 3.3.

3.3.4 Setting upper bounds on exposure time

Finally, because of the scatter seen in Figures 3.6 and 3.7, we must ensure that expo-

sures end when photons sufficient to achieve the desired RV precision have accumulated instead

of continuing on for extra seconds or minutes. Photons in the I2 region can’t be monitored dur-

ing the observation. However the APF data set shows a strong relationship between the number

of photons obtained in the I2 region of the spectrum and the photons registered by the exposure

meter, which is monitored in realtime.

The telescope’s guide camera, which is used for the exposure meter, has a broad

bandpass and is unfiltered. This generates a strong color-dependent bias when comparing the

guider photons to those that fall in the much narrower I2 region. We apply a quadratic B-V color

correction term to produce the relation shown in Figure 3.8. Combining this with the equations

identified in Figure 3.5, we obtain relations that allow us to relate the desired internal precision

to the corresponding number of photons in the iodine region of the spectrum, and then to the

number of photons required on the exposure meter. The resulting exposure meter threshold

is used to place an upper limit on the exposure. This is particularly useful on nights with

patchy clouds, where the cloud cover estimate calculated during the previous observation can

be significantly higher than the cloud cover in other parts of the sky - resulting in artificially high
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predicted observation times. In this case, the exposure meter can be used to stop an observation

if the desired photon count is reached early, improving efficiency.

Fit applied in Figure 3.8 :

log10(R) = δ + ε(B − V) + ζ(B − V)2, (3.5)

where R is the ratio of photons on the exposure meter to photons in the iodine region

of the spectrum.

3.3.5 Combining the fits

The above relations are combined to enable the scheduling algorithm to select scien-

tifically optimal targets. The following list summarizes the combination scheme.

Steps to determining an object’s predicted observation time and exposure meter

cut-off

1. Query spreadsheet for stellar attributes (V, B-V, required precision, RA, Dec, observing

priority).

2. Use Equation 3.1 to determine the desired number of photons in the I2 region of the

spectrum.

3. Use Equation 3.2 to calculate the observation time required to obtain the desired total

number of I2 region photons in ideal transparency conditions.
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Figure 3.8: Color-corrected relationship between the photons in the I2 region of the spectrum
and the photons registered by the exposure meter. The black line shows the best-fit, and the
grey dashed line shows the relation offset by one standard deviation, which is the limit we use
operationally. To increase telescope efficiency, we require a way to ensure observations don’t
continue when the number of iodine region photons necessary to achieve the desired internal
uncertainty has already been achieved. As described in Section 3.3.3.2 there is no way to
measure the I2 region photon accumulation in real time. However, the tight correlation between
I2 photons and photons on the exposure meter (which does update in real time) displayed here
allows us to set a maximum exposure meter value based on our desired precision level. Thus the
observation software will end the exposure when the specified exposure meter value is met, even
if the open shutter time falls short of the predicted observation time. This is particularly useful
for cases where the cloud cover used in calculating the predicted observation time is actually
more than the cloud cover on the target, which would result in an erroneously long observation.
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4. Multiply the slowdown factor, calculated during the previous observation using Eqn 3.4,

with the ideal transparency observation time estimates to get the predicted observation

time in current conditions.

5. Calculate the exposure meter threshold based on the required number of I2 region photons

using Eqn 3.5.

We find scatters of 11.5% and 11.1% in Figures 3.6 and 3.8 respectively (Table 1).

This means that, even on a photometric night, we may not accumulate the number of photons in

the I2 region necessary for the desired precision as the photon arrival rate could be too low. To

increase the likelihood of getting enough photons to reach the desired number of photons in the

I2 region, we increase the observation time estimate and the exposure meter threshold by 11.5%

and 11.1%, or one standard deviation. By implementing this padding factor we ensure that 84%

of the time we observe a target, we will obtain the desired number of I2 photons. However, this

does not necessarily guarantee that we will achieve the desired internal uncertainty, due to the

scatter in the relation between the I2 region photons and the uncertainty estimates seen in Figure

3.5 and quantified in Table 1.

Using these predicted observation times, the scheduler can evaluate whether any po-

tential target can be observed at its desired precision within the one-hour observation time limit.

Combining the predicted observation times with the targets’ coordinates determines whether it

will remain within the allowed 20−85◦ elevation range during the exposure. Stars that satisfy all

these criteria are then ranked based on their observing priority, time past cadence requirement,

and distance from the moon, with the highest scoring star being selected for observation. The
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scheduler then transmits the necessary information for the selected star, including its expected

observation time and exposure meter threshold, to the observing software, breaking up the total

observation time into a number of individual exposures if necessary.

Table 3.1: Values for fit variables in Section 3.3

Variable Equation Description Value(s)

AG/K , AM Eqn 3.1 constant terms for APF G/K and M stars 4.47, 4.14

BG/K , BM Eqn 3.1 linear terms for APF G/K and M stars -1.58, -1.73

AKeck Eqn 3.1 constant term for Keck M stars 5.03

BKeck Eqn 3.1 linear terms for Keck M stars -1.83

σG/K Eqn 3.1 RMS for fit to APF G/K stars 0.182 dex, 43.5%

σM Eqn 3.1 RMS for fit to APF M stars 0.151 dex, 36.2%

σKeck Eqn 3.1 RMS for fit to Keck M stars 0.252 dex, 60.0%

αI Eqn 3.2 B-V term in I2 photon rate (LR) -0.0311

βI Eqn 3.2 airmass term in I2 photon rate LR 0.158

γI Eqn 3.2 date term in I2 photon rate LR 0.00136

CI Eqn 3.2 constant term in I2 photon rate LR -11.2

σI2 Eqn 3.2 RMS value of rI2 − rI2obs 0.0499 dex, 11.5%

αE Eqn 3.4 B-V term in exp meter photon rate LR -0.908

βE Eqn 3.4 airmass term in exp meter photon rate LR 0.0852

γE Eqn 3.4 date term in exp meter photon rate LR 0.00118

CE Eqn 3.4 constant term in exp meter photon rate LR -21.8

σE Eqn 3.4 RMS value of rE − rEobs 0.0742 dex, 17.8%

δ Eqn 3.5 constant B-V term in I2 vs exp meter 4.52

ε Eqn 3.5 linear B-V term in I2 vs exp meter -0.196

ζ Eqn 3.5 quadratic B-V term in I2 vs exp meter 0.262

σI2Exp Eqn 3.5 RMS for fit to I2 vs exp meter 0.0463 dex, 11.1%
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3.4 Dismissed factors

Exposures obtained during 2013 and 2014 indicate that some factors initially sus-

pected to be important need not impact target selection considerations. For example, the orig-

inal observing protocol avoided targets within 45◦ of the direction of any wind above 5 mph

to avoid wind shake in the telescope. We find, however, no discernible increase in the internal

uncertainty (indicated by the color scale in Figure 3.9) as a function of wind speed or direc-

tion. This resilience likely stems from an effective wind shielding mode for the dome shutters,

which opens them just enough to ensure that there is no vignetting of the target star (Vogt et al.,

2014b). In addition, substantial effort has been put into tuning the telescope’s servo motors in

order to “stiffen" the telescope and thus mitigate the effect of wind gusts that do manage to enter

the dome (Lanclos et al., 2014).

We also previously assigned higher priority to targets with elevation in the 60-70◦

range, removing scientifically interesting targets that were closer to the horizon from consid-

eration. As shown in Figure 3.10, however, there is no significant loss in velocity precision as

a function of elevation from 90◦ down to 20◦ thanks to the telescope’s atmospheric dispersion

corrector (ADC) which works down to 15◦. The telescope has a hard observing limit of 15◦

because of the ADC’s range and because working at lower elevations leads to vignetting by the

dome shutters. We still enforce an elevation range of 20 − 85◦ to avoid mechanical problems

in telescope tracking at the high elevations.. Working at elevations approaching our lower limit

does result in longer predicted observation times (due to the airmass term) which can result in

stars being skipped over in favor of other, higher elevation targets.
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Figure 3.9: Windspeed (point size) and direction (azimuthal position) plotted for 3155 in-
dividual exposures reveals no strong correlation between pointing near/into the wind and the
estimated internal uncertainty displayed in the color bar. The exposures represented in this fig-
ure were obtained before we had the means to determine condition-based exposure times. Thus
all exposures were run until the reached their exposure meter threshold, or up to a static maxi-
mum exposure time of 900s and then terminated, regardless of the number of photons collected
by the exposure meter. This means the wind based effects are not being mitigated by longer ex-
posure times, and wind direction can thus be ignored when deciding which stars are considered
viable targets for the next observation.
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Figure 3.10: The radial velocity precision as a function of the elevation shows no strong
correlation, once we compare observations with a fixed exposure meter value. As our linear
regressions in Figure 4 and 5 account for the decline in the photon accumulation rate with
decreasing elevation, we do not need to add an additional term to account for other elevation
effects such as increased seeing. Similar to the Figure 3.9, the observations presented here
were taken before the adaptive exposure time software was in use. Thus every exposure has
a static maximum exposure time of 900s and the low elevation effects are not being mitigated
by allowing for longer exposures. The telescope’s ADC only functions down to 15◦, the same
elevation at which the telescope begins to vignette on the dome shutter, thus providing the lower
limit for our observations.
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Finally, we no longer assign a weighting value to the slew time necessary to move

between targets. The APF is capable of moving at 3◦ s−1 in azimuth and 2◦ s−1 in elevation,

which means that a direct slew to a target across the sky would take only one minute. Because

the CCD takes approximately 40 seconds to read out each observation, this slew time factor

is small enough to be considered unimportant. Furthermore, with the introduction of the wind

shielding mode, the telescope’s movement was altered so that it must first drop to a “safe ele-

vation" of 15◦ before rotating to the target azimuth and then moving upwards to the appropriate

elevation. This is done to protect the primary mirror from falling debris while the dome shut-

ters are reconfigured to minimize wind-effects for the next observation during the slew. An

additional result is that all slews take approximately the same amount of time, which provides

justification for discounting slew time as an input to target selection.

3.5 Dynamic scheduler overview

In Section 3.3, we described a method to predict observation times for targets given

their precision requirements and the current atmospheric conditions. To automate the determi-

nation of these observation times and the selection of the optimal target at any time throughout

the night we have implemented a dynamic scheduler (written in Python) called Heimdallr.

Heimdallr runs all of the APF’s target selection efforts and interfaces with pre-

existing telescope control software so that, once it submits an observation request, it waits

until that set of exposures is completed before reactivating. Telescope safety, system integrity,

and alerts about current weather conditions are monitored by two services called apfmon and
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checkapf. Each of these software sets has the ability to override Heimdallr if they detect

conditions that pose a threat to, or represent a problem with, the telescope. This ensures that the

facility’s safety is always given priority.

Additionally, while directing the night’s operations, Heimdallr uses other pre-

existing utilities including openatnight, prep-obs and closeup which, as their names

suggest, open the facility prior to nightfall (or when night time conditions warrant), prepare the

instrument and optical train for observing, and close the facility, securing the telescope when

conditions warrant. The setting of the guider camera, the configuration of dome shutters and

the control of telescope movement to avoid interference with the cables wrapped around the

telescope base is handled by yet another utility called scriptobs.

3.5.1 Observing description

Typically, Heimdallr initiates in the afternoon and prompts the instrument control

software to focus the instrument by obtaining a dewar focus cube (series of exposures of the

quartz halogen lamp taken through the Iodine cell) using the standard observation slit. Once the

software determines a satisfactory value for the instrument’s dewar position (via a simple linear

least squares parabolic fit to the focus values), it proceeds to take all of the calibration exposures

that are required by the data reduction pipeline. Upon completing these tasks, Heimdallr then

waits until dusk, at which point it consults checkapf to ensure that there are no problematic

conditions in the weather and then apfmon to ensure facility readiness. If both systems report

safe conditions, it then opens the dome, allowing the telescope to thermalize with the outside

air.
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Heimdallr runs a main loop that continuously monitors a variety of keywords sup-

plied by the telescope. At 6◦ twilight, the telescope is prepped for observing and begins by

choosing a rapidly rotating B star from a pre-determined list. The B star has no significant

spectral lines in the I2 region and serves as a focus source for the telescope’s secondary mirror

while also allowing the software to determine the current atmospheric conditions (as described

in Section 3.3.3.2).

At 9◦ twilight, Heimdallr accesses the online database of potential targets and

parses it to obtain all the static parameters described in Section 3.1. It then checks the cur-

rent date and time and eliminates from consideration those stars not physically available. The

scheduler then employs the stars’ coordinates, B-V colors and V magnitudes, combined with the

seeing and atmospheric transparency determined during the previous observation, to calculate

the predicted observation time for each target given their desired precision levels. Stars unable

to reach the desired precision within the one hour maximum observation time are eliminated

from the potential target list.

The remaining stars are ranked based on scientific priority and time past observ-

ing cadence. The star with the highest score is passed to scriptobs to initiate the expo-

sure(s). When the exposures finish, Heimdallr updates the star’s date of last observation in

the database with the photon-weighted midpoint of the last exposure and begins the selection

process anew.

When the time to 9◦ morning twilight becomes short enough that no star will achieve

its desired level of precision before the telescope must close, Heimdallr shuts the telescope

using closeup and initiates a series of post-observing calibration exposures. Once the cali-
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brations finish, Heimdallr exits.

3.5.2 Other operational modes

In addition to making dynamic selections from the target database during the night,

Heimdallr can also be initiated in a fixed list or ranked fixed list operational mode. The fixed

list mode allows observers to design a traditional starlist that Heimdallr will move through,

sending one line at a time to scriptobs. Any observations that are not possible (due to

elevation constraints) will be skipped and the scheduler will simply move to the next line.

The ranked fixed list option allows users to provide a target list that Heimdallr

parses to determine the optimal order of observations. That is, after finishing one observation

from the list, the scheduler will then perform a weighting algorithm similar to what is em-

ployed by the dynamic use mode to determine which line of the target list is best observed next.

Heimdallr keeps track of all the lines it has already selected, so that they do not get initiated

twice, and will re-analyze the remaining lines after each observation to select the optimal tar-

get. This option is especially useful for observing programs that have a large number of possible

targets but don’t place a strong emphasis on which ones are observed during a given night.

3.6 Comparing with other facilities

There are a number of automated and semi-automated facilities that perform similar

observations. Examples include HARPS-N, CARMENES, the Robo-AO facility at Palomar

and the Las Cumbres Observatory Global Telescope (LCOGT) network. In order to place the
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APF’s operations in context relative to these other observatories, we will briefly discuss the

approaches of these other dedicated radial velocity facilities (CARMENES, HARPS-N, and the

NRES addition to LCOGT) and of the more general facility with queue scheduling (Robo-AO).

We will then highlight the common approaches along with discussing what is simpler for our

facility as it is dedicated to a single-use.

3.6.1 RV surveys

Radial Velocity surveys generally require tens or hundreds of observations of the same

star to detect planetary companions. Traditionally, high-precision velocities were obtained on

shared-use facilities and observing time was limited. More recently, however, purpose built sys-

tems (such as HARPS) have presented the opportunity to obtain weeks or months of contiguous

nights.

The HARPS-N instrument, installed on the Telescopio Nazionale Galileo at Roque

de los Muchachos Observatory in the Canary Islands, is a premier system for generating high-

precision velocities. At present, it is primarily devoted to Kepler planet candidate follow up and

confirmation. The system allows users to access XML standard format files that define target

objects using the Short-Term-Scheduler GUI (STS) to guide the process and then assemble the

objects into an observing block. When an observer initiates an observation, these blocks and

their associated observing preferences are passed to the HARPS-N Sequencer software, which

places all of the telescope subsystems into the appropriate states, performs the observation, and

then triggers the data reduction process (Cosentino et al., 2012). Thus, while the building of

target lists has been streamlined, nightly observation planning still requires attention from an
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astronomer or telescope technician.

The forth-coming Calar Alto CARMENES instrument is expecting first light in 2015.

CARMENES will also be used to obtain high-precision stellar radial velocity measurements on

low-mass stars. Its automated scheduling mechanism relies on a two-pronged approach: the

off-line scheduler which plans observations on a weekly to nightly time scale based on target

constraints that can be known in advance, and the on-line scheduler which is called during the

evening if unexpected weather or mechanical situations arise and require adapting the previ-

ously calculated nightly target list (Garcia-Piquer et al., 2014).

Finally, the LCOGT network will soon implement the Network of Robotic Echelle

Spectrographs (NRES), six high resolution optical echelle spectrographs slated for operation in

late 2015. Like all instruments deployed on the LCOGT network, the scheduling and observ-

ing of NRES will be autonomous. Users submit observing requests via a web interface which

are then passed to an adaptive scheduler which works to balance the requests’ observing win-

dows with the hard constraints of day and night, target visibility, and any other user specified

constraints (e.g. exposure time, filter, airmass). If the observation is selected by the adaptive

scheduler, it creates a “block" observation tied to a specific telescope and time. This schedule

is constructed 7 days out, but rescheduling can occur during the night if one or more telescopes

become unavailable due to clouds, or if new observing requests arrive or existing requests are

canceled. In this event, the schedule is recalculated, and observations are reassigned among the

remaining available sites (Eastman et al., 2014).
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3.6.2 Automated queue scheduling

Robo-AO is the first fully automated laser guide star adaptive optics instrument. It

employs a fully automated queue scheduling system that selects among thousands of potential

targets at a time with an observation rate of ∼ 20 objects hr−1. Its queue scheduling system

employs a set of XML format files which use keywords to determine the required settings and

parameters for an observation. When requested, the queue system runs each of the targets

through a selection process, which first eliminates those objects that cannot be observed, and

then assigns a weight to the remaining targets to determine their priority in the queue at that

time. The optimal target is chosen, and the scheduler passes all observation information to the

robotic system and waits for a response that the observations were successfully executed. Once

the response is received, the observations are marked as completed and the relevant XML files

are updated (Riddle et al., 2014).

3.6.3 Comparing our approach to other efforts

We have designed this system based on our RV observing program carried out over

the past 20 years at Keck and other facilities. This experience, coupled with the preexisting

software infrastructure, has guided the development of both the dynamic scheduler software

itself and our observing strategy.

Comparison to these other observing facilities and the strategies they employ em-

phasizes some shared design decisions. For example, the APF has a similar target selection

approach to that of the Robo-AO system. Both utilize a variety of user specified criteria to elim-

inate those targets unable to meet the requirements and then rank the remaining targets, passing
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the object with the highest score to the observing software. Additionally, as is common with all

of the observing efforts mentioned above, our long term strategy is driven by our science goals

and is in the hands of the astronomers involved with the project.

Several differences are also notable. The first is that we lack an explicit long term

scheduling component in our software. Our observing decisions are made in real time in or-

der to address changes in the weather and observing conditions that occur on minute to hour

time scales, and to maximize the science output of nights impacted by clouds or bad seeing.

However, for a successful survey there must also be a longterm observing strategy for each

individual target. We address this need via a desired cadence and required precision for every

potential target. By incorporating the knowledge of how often each star needs to be observed

and a way to assess whether the evening’s conditions are amenable to achieving the desired pre-

cision level, Heimdallr adheres to the longterm observing strategy outlined by our observing

requirements and doesn’t need to generate separate multi-week observing lists.

A second difference is that the final output of the scheduler is a standard star list text

file, one line in length. This format has been in use in UCO-supported facilities such as Lick

and Keck Observatories for more than 20 years, and thus is familiar to the user community. The

file is a simple ASCII text file with key value pairs for parameters and a set of fixed fields for

the object name and coordinates. This permits ready by-eye verification of the next observation

if desired and allows the user to quickly construct a custom observing line that can be inserted

into the night’s operations if needed. Observers can furthermore easily make a separate target

list in this format for observations when not using the dynamic scheduler (see Sec 3.5.2)

Finally, we use a Google spreadsheet for storing target information and observing

77



requirements, as opposed to a more machine-friendly format such as XML. Although Lick

Observatory employs a firewall to sharply limit access to the APF hosts, it only operates on the

incoming direction. Thus it is straightforward and non-compromising from a security standpoint

for our internal computers to send a request to Google and pull the relevant data back onto the

mountain machines. This approach provides team members with an accessible, easy-to-read

structure that is familiar and easily exportable to a number of other formats. Google’s version

control allows for careful monitoring of changes made to the spreadsheet and ensures that any

accidental alterations can be quickly and easily undone. The use of the Google software also

allows interaction with a browser, so no custom GUI development is required. Therefore, we

are taking advantage of existing software to both minimize our development effort, and make it

as easy as possible to have the scientists update and maintain the core data files that control the

observations.

3.7 Observing campaigns on the automated planet finder

The APF has operated at high precision for over a year, and has demonstrated preci-

sion levels of σ∼ 1 m s−1 on bright, quiet stars such as Sigma Draconis (Vogt et al., 2014b). The

telescope’s slew rate permits readout-limited cycling and 80-90% open shutter time, allowing

for 50-100 Doppler measurements on clear nights.
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3.7.1 The Lick-Carnegie survey

Heimdallr’s design dovetails with the need to automate the continued selective

monitoring of more than 1,000 stars observed at high Doppler precision at Keck over the past

20 years (Butler, 2016). The APF achieves a superior level of RV precision and much-improved

per-photon efficiency in comparison to Keck/HIRES for target stars with V <10. As a primary

user, we can employ the APF on 100+ nights per year in the service of an exoplanet detection

survey.

At present, 127 stars have been prioritized for survey-mode observation with the APF.

This list emphasizes stars that benefit from the telescope’s more northern location, and gives

preference to stars that display prior evidence of planetary signals. We adopt a default cadence

of 0.5 observations per night. When a star is selected, it is observed in a set of 5-15 minute

exposures with the additional constraint that the total of a night’s sequential exposures (the

observation time) on the star is less than an hour. Additionally, information obtained at Keck

has, in some cases, permitted estimates for the stellar activity of specific target stars. In these

cases, observation times can be adjusted to conform to a less stringent desired precision.

With its ability to predict observation times, Heimdallr readily achieves efficien-

cies that surpass the use of fixed lists, and indeed, its performance is comparable to that of a

human observer monitoring conditions throughout the night.

3.7.2 TESS pre-covery survey

Heimdallr is readily adopted to oversee a range of observational programs, and a

particularly attractive usage mode for APF arises in connection with NASA’s Transiting Exo-
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planet Survey Satellite (TESS) mission. TESS is scheduled for launch in 2017, and is the next

transit photometry planet detection mission in NASA’s pipeline (Ricker et al., 2014). Transit

photometry observations of potential planet signatures generally require follow-up confirma-

tion, with RV being the most common. Currently there is a dearth of high-precision RV facili-

ties in the northern hemisphere, and HARPS-N is heavily committed to Kepler planet candidate

follow up. NASA recently announced plans to develop an instrument for the 3.5m WIYN tele-

scope at Kitt Peak Observatory capable of extreme precision Doppler spectrography to be used

for follow up of TESS planet candidates (Beal, 2014). However such an instrument will require

time for development and commissioning and thus is not a viable candidate for pre-launch ob-

servations of TESS target stars. The APF’s year-round access to the bright stars near the north

ecliptic pole, which will obtain the most observation time from TESS, makes it an optimal

facility to conduct surveys in support of the satellite’s planet detection mission.

At present, comparatively little is known about the majority of TESS’s target stars.

We have little advance knowledge of which stars host properly inclined, short-period transiting

planets observable by the satellite. We will thus start with a default value for the observing

cadence and be poised to adapt quickly should hints of planetary signatures start to emerge.

Additionally, initial desired precisions (and the corresponding observation times) must rest on

the suspected stellar jitter of the targets.

The availability of on-line databases to track all of the science-based criteria will be

crucial for moving back and forth quickly between this project and further Lick-Carnegie follow

up. Evaluations of the value of APF coverage are governed by three scientific criteria (priority,

cadence and required precision), along with supporting physical characteristics (RA, Dec, V
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and B-V) for each target. Thus when beginning RV support for TESS, Heimdallr can easily

be instructed to reference the TESS database when determining the next stellar target (instead

of the Lick-Carnegie List).

TESS observations also provide an excellent test bed for experimenting with alternate

observational strategies. For example, Sinukoff (2014) stated that obtaining three 5-minute

exposures of a star spaced approximately two hours apart from one another during the night

results in a 10% increase in precision over taking a singe 15 minute exposure. The TESS stars

that will be monitored by the APF are all located in the north ecliptic pole region, meaning that

the slew times will be almost negligible. It is thus likely that an observing mode that subdivides

exposures to improve precision could be very valuable. In short, the APF is extremely well

matched to the TESS Mission.
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Chapter 4

The Detection of GL 687b with the Automated

Planet Finder

4.1 Introduction

The Copernican principle implies that the Earth, and, by extension, the solar system,

do not hold a central or specifically favored position. This viewpoint is related to the so-called

mediocrity principle (Kukla, 2010), which notes that an item drawn at random is more likely to

come from a heavily populated category than one which is sparsely populated.

These principles, however, have not had particularly apparent success when applied in

the context of extrasolar planets. Mayor et al. (2009a) used their high precision Doppler survey

data to deduce that of order 50% (or more) of the chromospherically quiet main-sequence dwarf

stars in the solar neighborhood are accompanied by a planet (and in many cases, by multiple

planets) with M sin(i) . 30M⊕, and orbital periods of P < 100d. Taken strictly at face value,
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this result implies that our own solar system, which contains nothing interior to Mercury’s

P = 88d orbit, did not participate in the galaxy’s dominant mode of planet formation. Yet the

eight planets of the solar system have provided, and continue to provide, the de-facto template

for most discussions of planet formation.

Indeed, where extrasolar planets are concerned, M-dwarfs and mediocrity appear to

be effectively synonymous. Recent observational results suggest that low-mass planets orbiting

low-mass primaries are by no means rare. Numerous examples of planets with Mp < 30M⊕ and

M-dwarf primaries have been reported by the Doppler surveys (e.g. Butler et al. 2004; Mayor

et al. 2009a, and many others), and the Kepler Mission has indicated that small planets are

frequent companions to low mass stars. For example, Dressing and Charbonneau (2013) report

that among dwarf stars with Teff < 4000K, the occurrence rate of 0.5R⊕ < Rp < 4R⊕ planets

with P < 50d is N = 0.9+0.04
−0.03 planets per star. Improved statistics, however, are required for a

definitive statement that is couched in planetary masses as well as in planetary radii. Figure 4.1

shows the current distribution of reported planets and planetary candidates orbiting primaries

with M?< 0.6M�, which we adopt as the functional border between “M-type” stars and “K-type

stars”.

The census of low-mass planets orbiting low-mass primaries can be accessed using a

variety of techniques. For objects near the bottom of the main sequence, it appears that transit

photometry from either ground (Charbonneau, 2010) or space (Triaud et al., 2013) offer the

best prospects for planetary discovery and characterization. For early to mid M-type dwarfs,

there is a large enough population of sufficiently bright primaries that precise Doppler detection

(see, e.g. Rivera et al. (2010)) can play a lead role. For the past decade, we have had a sample
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Figure 4.1: Population digram for currently known extra solar planets orbiting stars with re-
ported masses Mstar < 0.6M�. Green circles: Planets securely detected by the radial velocity
method (either with or without photometric transits). Red circles: The regular satellites of the
Jovian planets in the Solar System. Gray circles: Kepler candidates and objects of interest.
Radii for these candidate planets, as reported in Batalha et al. (2013a), have been converted
to masses assuming M/M⊕ = (R/R⊕)2.06 (Lissauer et al., 2011a), which is obtained by fitting
the masses and radii of the solar system planets bounded in mass by Venus and Saturn, which
may be a rather naive transformation given the startling range of observed radii for planets with
masses between Earth and Uranus. Venus, Earth, and Jupiter are indicated on the diagram for
comparison purposes. Data are from www.exoplanets.org, accessed 01/12/2014 (Han et al.,
2014).
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of ∼160 nearby, photometrically quiet M-type stars under precision radial velocity surveillance

with the Keck telescope and its HIRES spectrometer. In recent months, this survey has been

supplemented by data from the Automated Planet Finder Telescope (Vogt, S.S. et al., 2014).

Here, we present 16.6 years of Doppler velocity measurements for the nearby M3 dwarf GJ 687

(including 122 velocity measurements from Keck, 20 velocity measurements from the APF, and

5 velocity measurements made with the Hobby-Eberly Telescope) and we report the detection of

the exoplanet that they imply. We use this discovery of what is a highly archetypal representative

of a planet in the Milky Way – in terms of its parent star, its planetary mass, and its orbital

period – to motivate a larger discussion of the frequency of occurrence, physical properties, and

detectability of low-mass planets orbiting M-type stars.

The plan for this paper is as follows. In §2, we describe the physical and spectroscopic

properties of the red dwarf host star Gliese 687. In §3, we describe our radial velocity obser-

vations of this star. In §4 we describe our Keplerian model for these observations, along with

an analysis that assesses our confidence in the detection. In §5, we describe our photometric

time series data for the star, which aids the validation of the planet by ruling out spot-modulated

interpretations of the Doppler variations. In §6, we discuss the ongoing refinement of the planet-

metallicity correlation for low-mass primaries, in §7, we discuss the overall statistics that have

emerged from more than 15 years of precision Doppler observations of M-dwarf stars with the

Keck Telescope, and in §8 we conclude with an overview that evaluates the important future

role of the APF telescope in precision velocimetry of nearby, low-mass stars.
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4.2 GJ 687 Stellar Parameters

Gliese 687 (LHS 450, BD+68◦946) lies at a distance, d = 4.5 pc, is the 39th-nearest

known stellar system, and is the closest star north of +60◦ declination. Figure 4.2 indicates

GJ 687’s position in the color-magnitude diagram for stars in the Lick-Carnegie Survey’s database

of Keck observations. Due to its proximity and its brightness (V=9.15, Ks=4.548), Gliese 687

has been heavily studied, and in particular, the CHARA Array has recently been used to obtain

direct interferometric angular diameter measurements for the star. Boyajian et al. (2012) find

R?/R� = 0.4183± 0.007, and derive L?/L� = 0.02128± 0.00023, Teff = 3413K, and use the

mass-radius relation of Henry and McCarthy (1993) to obtain M?/M� = 0.413±0.041. As il-

lustrated in Figure 4.3, Gliese 687’s mean Mt. Wilson S value and the dispersion of its S-index

measurements from our spectra indicate that it has a moderate degree of chromospheric activity.

This conclusion is in concordance with our long-term photometric monitoring program, which

also indicates that the star is somewhat active.

4.3 Radial Velocity Observations

Doppler shifts from both the Keck and APF platforms were measured, in each case,

by placing an iodine absorption cell just ahead of the spectrometer slit in the converging beam

of stellar light from the telescope (Butler et al., 1996b). The forest of iodine lines superim-

posed on the stellar spectra generates a wavelength calibration and enables measurement of

each spectrometer’s point spread function. The radial velocities from Keck were obtained by

operating HIRES at a spectral resolving power R∼60,000 over the wavelength range of 3700-
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Figure 4.2: HR diagram with GJ 687’s position indicated as a small open circle. Absolute
magnitudes, M, are estimated from V band apparent magnitudes and Hipparcos distances using
M = V + 5log10(d/10 pc). All 956 stars in our catalog of radial velocity measurements (for
which more than 20 Doppler measurements exist) are shown, color-coded by their B-V values,
with point areas sized according to the number of observations taken.
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Figure 4.3: The average value of the S-index against the standard deviation of the S-index for
all the stars in the Lick-Carnegie database. Stars with M? < 0.6M� are colored red. GJ 687 is
shown as an orange circle in the midst of this population, showing that it is a somewhat active
star. The areas subtended by the individual points are, in all cases, proportional to the number of
Doppler velocity observations that we have collected of the star (with systems above an upper
bound of 250 observations receiving the same point size).
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8000 , though only the region 5000-6200 containing a significant density of iodine lines was

used in the present Doppler analysis (Vogt et al., 1994b). The APF measurements were ob-

tained over a similar spectral range, but at a higher spectral resolving power, R∼108,000. For

each spectrum that was obtained, the region containing the iodine lines was divided into ∼700

chunks, each of ∼ 2 width. Each chunk produces an independent measure of the wavelength,

PSF, and Doppler shift. The final measured velocity is the weighted mean of the velocities of the

individual chunks. All radial velocities (RVs) have been corrected to the solar system barycen-

ter, but are not tied to any absolute velocity system. As such, they are “relative” velocities, with

a zero point that can float as a free parameter within an overall system model.

The internal uncertainties quoted for all the radial velocity measurements in this paper

reflect only one term in the overall error budget, and result from a host of systematic errors

that stem from the characterization and determination of the point spread function, detector

imperfections, optical aberrations, consequences of undersampling the iodine lines, and other

effects. Two additional major sources of error are photon statistics and stellar “jitter”. The latter

varies widely from star to star, and can be mitigated to some degree by selecting magnetically

inactive older stars and by time-averaging over the star’s unresolved low-degree surface p-

modes. All observations in this paper have been binned on 2-hour timescales. In addition to the

radial velocities that we have obtained at Keck and APF, we also use five Doppler measurements

obtained by Endl et al. (2003) at the Hobby-Eberly Telescope located at McDonald Observatory.

These radial velocity observations are presented in the appendix.
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4.4 The Best Fit Solution

The combined radial velocity data sets show a root-mean-square (RMS) scatter of

7.58 ms−1 about the mean velocity. This scatter is measured after we have applied best-fit

telescope offsets of 0.64 ms−1 for Keck, -1.71 ms−1 for APF, and 1.27 ms−1 for HET.

A Lomb-Scargle periodogram of the 149 velocity measurements of GJ 687 is shown

in Figure 4.4. False alarm probabilities are calculated with the bootstrap method, as described

in Efron (1979), iterating 100,000 times for a minimum probability of Pfalse < 1e − 5 as easily

met by the tallest Pb=38.14 day peak in Figure 4.4. This signal in the data is modeled as a

Mb sin(i) = 0.06MJ planet with an orbital eccentricity, eb = 0.04.

Using Levenberg-Marquardt optimization, we obtained a best-fit Keplerian model for

the system. This fit, which assumes i = 90◦ and Ω = 0◦ for the planet, is listed in Table 4.2. The

phased RV curve for the planet in Table 4.2 is shown in Figure 4.5. A power spectrum of the

residuals to our one-planet fit is shown in Figure 4.6 and indicates no significant periodicities.

Also shown in this figure is a periodogram of our Mt. Wilson S-index measurements from the

spectra, which are a proxy for the degree of spot activity on the star at a given moment. None

of the peaks in the periodogram of S-index values coincide with the peak that we suspect to be

a planet.

The reduced chi-squared statistic for our fit is χ2
red = 18.55 and results in a fit with an

RMS of 6.16 ms−1 and estimated stellar jitter of σjitter = 5.93 ms−1 (the estimate of the stellar

jitter that is required to bring the reduced chi-squared statistic of the fit down to unity). Thus,

if the true stellar jitter is of order 6.0 ms−1, which is reasonable for a moderately active star
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Figure 4.4: Lomb-Scargle periodograms for combined radial velocity measurements of GJ 687
from the HET, Keck and APF telescopes. The horizontal lines from top to bottom represent
false alarm probabilities of 0.01%, 0.1%, and 1.0% respectively.
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Figure 4.5: Phased radial velocity model for planet b, folded at the P = 38.14d orbital period.
The blue points correspond to Keck data points, green points to APF data, and the red points
are HET data. The vertical dashed lines demarcate the extent of unique data.

92



100 101 102 103 104

Period (d)
0

5

10

15

20

25

30

Po
w

er

Pb =38.14
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4.2 plotted in black, and the Lomb-Scargle periodogram of the Mt. Wilson S-index values
plotted behind in red.
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like Gliese 687, then our fit adequately explains the excess variance in the radial velocity time

series.

In order to compute parameter uncertainties for our orbital fit, we implement a Markov

Chain Monte Carlo algorithm (Ford, 2005, 2006; Balan and Lahav, 2009; Meschiari et al.,

2009b; Gregory, 2011). The MCMC algorithm returns a chain of state vectors, ki (a set of

coupled orbital elements, e.g. period, mass, etc. and the three velocity offset parameters). The

goal of the Markov Chain calculation is to generate an equilibrium distribution proportional

to exp[χ2(k)]. We adopt non-informative priors on all parameters (and uniform in the log for

masses and periods). The resulting error correlations are shown in Figure 4.7, and a set of 100

states drawn randomly from the converged chain are shown in the orbital diagram in Figure 4.8.

The error correlation diagram indicates that all parameters are well determined, save

for the usual degeneracies between mean anomaly and ω for the low-eccentricity orbit. The

distribution of the residuals relative to the best-fit model shows no evident pathologies. Indeed,

a quantile-quantile plot (shown in Figure 4.9) indicates that the distribution of residuals is well

described by a normal distribution. We note that the smaller scatter of points obtained with the

APF telescope could be a consequence of the fact that they were all taken within a ∆t = 140d

period, and thus sample only one segment of the stellar activity cycle.

A potentially significant challenge to correctly identifying the orbital period of a pro-

posed exoplanet arises from the discrete and uneven sampling inherent in radial velocity sur-

veys. The spacing of observations leads to increased noise and the presence of aliases within

the star’s periodogram which can be mistaken for a true orbital signature. For a real signal oc-

curring at a frequency fplanet we expect alias signatures at f = fplanet ±n fsampling where n is an
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Figure 4.7: Smooth scatter plots of parameter error correlations for our Markov chain. In each
case, the best-fit model is indicated with a small red dot, and the density of models within the
converged portion of the chain is shown as a blue-toned probability distribution function. The
diagonal line of entries shows the marginalized distribution for each parameter of the one-planet
model.
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Figure 4.8: The orbit of the proposed planetary companion to GJ 687. The larger red point
corresponds to the location of the planet at the initial observation epoch, HJD 2450603.97. The
line from the origin corresponds to the planet’s periastron. For the geometry plotted, transits,
should they occur, would happend when the planet traverses the positive y-axis. The light lines
are 100 orbits of the planet drawn from the converged segment of the Markov Chain. The red
dot in the center of the diagram corresponds to the size of the star when drawn to scale. The
small black dot next to the distance scale bar indicates the size of the planet when drawn to
scale, and assuming it has RP = RNep.
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Figure 4.9: Quantile-Quantile plot for the velocity residuals to the 1-planet model fit. Adher-
ence of the points to the lines indicate the degree to which the radial velocities from the two
telescopes conform to a normal distribution. APF points are shown in green, Keck points are
shown in blue, and HET points are shown in red.
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integer. In order to aid confirmation that the periodic signal we observe is actually a planetary

signature, we must be able to calculate where aliases due to our observing cadence will occur,

and then verify that they are not the source of the signal. The aliases are determined using a

spectral window function as defined by Roberts et al. (1987)

W (ν) =
1
N

N∑

r=0

exp−2πiνtr , (4.1)

where N is the total number of observations and t is the date on which they were taken. Plotting

this function will result in peaks that are due solely to the sampling cadence of the data. Because

our observations are constrained by when the star is visible in the night sky, and because Keck

Telescope time is allocated to Doppler surveys primarily when the Moon is up, we expect aliases

at periods of 1 solar day, 1 sidereal day, 1 synodic month and 1 sidereal year. Examining

the window function we do see peaks resulting at these periods, but careful analysis of the

periodogram for our radial velocity observations shows no evidence of strong signals occurring

at the locations necessary for our P = 38.14day signal to be a potential alias instead of a true

Keplerian signature.

With an apparent Ks-band magnitude of 4.54, Gliese 687 is brighter (in the near in-

frared) than all known hosts of transiting extrasolar planets other than 55 Cancri. As a conse-

quence, transits by Gliese 687’s planetary companion (which has an equilibrium temperature,

Teq∼ 260K), were they to occur, would be of substantial scientific value. In particular, transmis-

sion spectroscopy with JWST would give insights into what is likely a dynamic and chemically

rich planetary atmosphere. The a-priori geometric transit probability for Gliese 687 b, however,
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is a scant Ptr = 1.2%, and as we describe below, there is no evidence that transits occur. With

M sin(i) = 19M⊕, the currently observed mass-radius range for exoplanets indicates that the

planetary radius, Rp could credibly range from Rp ∼ 0.2RJup to Rp ∼ 0.6RJup, implying potential

transit depths in the d = 0.2% to d = 2% range.

4.5 Photometric Observations

During the 2009–2013 observing seasons, we acquired a total of 866 photometric

observations of GJ 687 on 519 nights with the Tennessee State University (TSU) T12 0.80 m

automatic photoelectric telescope (APT) at Fairborn Observatory in Arizona. The T12 APT

is one of several TSU automatic telescopes operated at Fairborn (Henry, 1999a; Eaton et al.,

2003). It is equipped with a two-channel precision photometer that employs a dichroic filter and

standard Strömgren b and y filters to separate the two passbands and two EMI 9124QB bi-alkali

photomultiplier tubes to measure the b and y count rates simultaneously. We observed GJ 687,

designated our program star (P), differentially with respect to three neighboring comparison

stars: C1 (HD 156295, V = 5.54, B − V = 0.22, F0 IV), C2 (HD 160198, V = 7.65, B − V =

0.46, F2 V), and C3 (HD 161538, V = 7.01, B − V = 0.44, F2 V). A detailed description of

the observing sequence and the data reduction and calibration procedures are given in Henry

(1999a).

We computed all pairwise differential magnitudes P −C1, P −C2, P −C3, C3 −C2,

C3 − C1 and C2 − C1 in both the b and y passbands, corrected them for atmospheric extinc-

tion, and transformed them to the standard Strömgren photometric system. Observations with
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internal standard deviations greater than 0.01 mag were discarded to remove data taken in non-

photometric conditions. Intercomparison of the six sets of differential magnitudes demonstrated

that HD 156295 (C1) is a low-amplitude variable while both HD 160198 (C2) and HD 161538

(C3) are constant to the expected measurement precision. To improve our precision, we com-

bined the separate differential b and y observations into a single (b + y)/2 “passband." We also

computed the differential magnitudes of GJ 687 with respect to the mean brightness of the two

good comparison stars: P − (C2 +C3)/2. The standard deviation of the C3 −C2 comparison star

differential magnitudes is 0.0020 mag, which we take to be the precision of a single measure-

ment.

A total of 606 nightly measurements in the five observing seasons survived the cloud-

filtering process. These data are plotted as P − (C2 +C3)/2 differential magnitudes in the top

panel of Figure 4.10. The five individual observing seasons are plotted in the remaining panels.

The standard deviations for the yearly light curves are given in each panel. These range from

0.0049 to 0.0092 mag, compared to the measurement precision of 0.0020 mag. Gaps of 10–12

weeks in the yearly light curves for 2009 through 2012 are due to southern Arizona’s July–

September rainy season when good photometry is not possible.

Low-amplitude variability is seen in GJ 687 during each observing season, resem-

bling light curves typical of modestly active stars with spot filling factors of a few percent (see,

e.g., Henry et al., 1995). The 2010 light curve has the largest amplitude variability (∼ 0.03 mag)

and reveals cyclic variation with a time scale of ∼ 60 days. The other light curves have lower

amplitudes and include cyclic variations of ∼ 60 and also ∼ 30 days. These year-to-year and

cycle-to-cycle variations are also typical of modestly active stars. We interpret the 60-day vari-
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in both the b and y passbands, corrected them for atmo-
spheric extinction, and transformed them to the stan-
dard Strömgren photometric system. Observations with
internal standard deviations greater than 0.01 mag were
discarded to remove data taken in non-photometric con-
ditions. Intercomparison of the six sets of di↵erential
magnitudes demonstrated that HD 156295 (C1) is a
low-amplitude variable while both HD 160198 (C2) and
HD 161538 (C3) are constant to the expected measure-
ment precision. To improve our precision, we combined
the separate di↵erential b and y observations into a single
(b + y)/2 “passband.” We also computed the di↵erential
magnitudes of GJ 687 with respect to the mean bright-
ness of the two good comparison stars: P � (C2+C3)/2.
The standard deviation of the C3 � C2 comparison star
di↵erential magnitudes is 0.0020 mag, which we take to
be the precision of a single measurement.

A total of 606 nightly measurements in the five observ-
ing seasons survived the cloud-filtering process. These
data are plotted as P � (C2 + C3)/2 di↵erential magni-
tudes in the top panel of Figure 11. The five individual
observing seasons are plotted in the remaining panels.
The standard deviations for the yearly light curves are
given in each panel. These range from 0.0049 to 0.0092
mag, compared to the measurement precision of 0.0020
mag. Gaps of 10–12 weeks in the yearly light curves for
2009 through 2012 are due to southern Arizona’s July–
September rainy season when good photometry is not
possible.

Low-amplitude variability is seen in GJ 687 during
each observing season, resembling light curves typical of
modestly active stars with spot filling factors of a few per-
cent (see, e.g., Henry et al. 1995). The 2010 light curve
has the largest amplitude variability (⇠ 0.03 mag) and
reveals cyclic variation with a time scale of ⇠ 60 days.
The other light curves have lower amplitudes and include
cyclic variations of ⇠ 60 and also ⇠ 30 days. These year-
to-year and cycle-to-cycle variations are also typical of
modestly active stars. We interpret the 60-day variabil-
ity as the signature of the star’s rotation period and the
30-day variability as a sign of spot activity on opposite
hemispheres of the star. This slow rotation rate is in
agreement with the work done by Jenkins et al. (2009)
which reports an upper rotational velocity of 2.8kms�1

for GL 687.
Frequency spectra of the complete 2009 - 2013 data

set and of the 2010 data alone are shown in the top and
bottom panels of Figure 12 respectively. The rotational
modulation signal is seen most clearly in the 2010 data,
which matches up with the most coherent light curve in
Figure 11. Therefore, we take the 58.48 ± 1.0d signal as
our best measurement of the star’s rotation period. In-
spection of the 2010 photometric segment of Figure 11
clearly shows the overall 60-day modulation that gen-
erates the periodogram peak. Departures from perfect
periodicity are presumably caused by the evolution of
the spot activity on the surface of the star.

Finally, we search for transits of GJ 687 b by first re-
moving the spot variability from each of the yearly light
curves. We do this by successively subtracting multiple
frequencies from each yearly light curve using the method
described in Henry et al. (2001). We removed three to six
frequencies from each light curve until each set of residu-
als approached the precision of a single observation. The

Figure 11. Photometric data taken of GJ 687 over 5 years. The
top panel shows the total data set with information regarding ob-
servations and standard deviation for each year. The bottom panel
gives a closer look at the data seperated by year.

residuals from all five observing seasons are plotted in
the top panel of Figure 13, phased with the 38.14-day
best-fit planetary orbital period and a time of mid tran-
sit computed from the orbital parameters. The vertical
bar represents the 0.0022 mag standard deviation of the
residuals from their mean, very close to the measurement
precision given above. A sine fit to the phased data gives
a formal semi-amplitude of just 0.00011 ± 0.00012 mag.
Since none of the frequencies removed from the yearly
light curves were similar to the orbital frequency or its
harmonics, this result limits any periodic brightness vari-
ability of the star on the observed radial velocity period
to a very small fraction of one milli-magnitude (mmag).
This rules out the possibility that the 38.14-day radial

Figure 4.10: Photometric data taken of GJ 687 over 5 years. The top panel shows the total data
set with information regarding observations and standard deviation for each year. The bottom
panel gives a closer look at the data seperated by year.
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ability as the signature of the star’s rotation period and the 30-day variability as a sign of spot

activity on opposite hemispheres of the star.

A frequency spectrum of the 2010 observations, based on least-squares sine fitting

over a range of trial frequencies, is shown in the bottom panel of Figure 4.11. We see a strong

signal at a period of 61.8 ± 1.0 d. We take this to be our best measurement of the star’s rotation

period. Inspection of the 2010 photometric segment of Figure 4.10 clearly shows the overall

60-day modulation that generates the periodogram peak. Departures from perfect periodicity

are presumably caused by the evolution of the spot activity on the surface of the star.

Finally, we search for transits of GJ 687 b by first removing the spot variability from

each of the yearly light curves. We do this by successively subtracting multiple frequencies from

each yearly light curve using the method described in Henry et al. (2001). We removed three to

six frequencies from each light curve until each set of residuals approached the precision of a

single observation. The residuals from all five observing seasons are plotted in the top panel of

Figure 4.12, phased with the 38.14-day best-fit planetary orbital period and a time of mid transit

computed from the orbital parameters. The vertical bar represents the 0.0022 mag standard

deviation of the residuals from their mean, very close to the measurement precision given above.

A sine fit to the phased data gives a formal semi-amplitude of just 0.00011 ± 0.00012 mag.

Since none of the frequencies removed from the yearly light curves were similar to the orbital

frequency or its harmonics, this result limits any periodic brightness variability of the star on the

observed radial velocity period to a very small fraction of one milli-magnitude (mmag). This

rules out the possibility that the 38.14-day radial velocity variations in GJ 687 are induced by

stellar activity, as has been documented in somewhat more active stars, for instance, by Queloz
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Neptune-mass planet orbiting GJ 687 7

Figure 12. Lomb-Scargle periodogram of the photometric obser-
vations of GJ 687. In the combined data set, the maximum ob-
served power occurs at 58.48 days (top panel). However when we
consider only data obtained in 2010, where the rotational modula-
tion is most clearly exhibited, we find that maximum power occurs
at P = 61.73 days (bottom panel). We identify this periodicity
with the rotational period of the star.

Figure 13. Top panel Filtered di↵erential photometric mea-
surements for Gliese 687 folded at the best-fit planetary period,
P = 38.14 days. A light curve model for a centrally transiting
Neptune-sized planet is shown. The vertical error bar indicates
the 0.002 magnitude photometric precision. The horizontal error
bar shows the 1-� uncertainty on the time of a central transit. Bot-
tom panel shows a magnified view of the folded photometric data
in the vicinity of the predicted time of central transit.

Figure 14. For each of the 10,402 potential systems in our Markov
chain, we check the predicted transit times against our photometric
observations. If a photometric data point lies within the transit
window of a particular member of the Markov chain, we assign a
value to that point which is cosine-weighted by its distance from
the predicted time of central transit. The sum of these values is
mapped onto the color of the points in the diagram. The phase of
the points, as well as the vertical gray bar spanning the predicted
3-hour central transit duration are for our best fit model given in
Table 2.

velocity variations in GJ 687 are induced by stellar ac-
tivity, as has been documented in somewhat more active
stars, for instance, by Queloz et al. (2001), Paulson et al.
(2004), and Boisse et al. (2012). Instead, this lack of
photometric variability confirms that the radial velocity
variations in GJ 687 result from true planetary reflex
motion.

The photometric observations within ±0.13P of mid-
transit are replotted with an expanded scale in the bot-
tom panel of Figure 13. The solid curve shows the
predicted phase, depth (assuming Neptune-like density),
and duration of a central transit, computed from the stel-
lar radius in Table 1 and the orbital elements in Table
2. The horizontal error bar under the predicted tran-
sit time gives the ±1� uncertainty in the timing of the
transit. The photometric observations when filtered us-
ing the Henry et al. (2001) procedure described above,
and when folded at the P = 38.14 day best-fit period for
the planet, give no indication that transits occur. We
note, however, that the Markov Chain models generate
a five-day window for possible transits, and so a more
conservative approach is also warranted. In Figure 14,
we plot the unfiltered photometric data, indicating the
range of photometric points that potentially could have
been a↵ected by transits were they to occur. Because
of uncertainties in the orbit, the potential transit dura-
tion, the potential size of the planet, and the error in
the photometric filtering, we recommend that continued
photometric monitoring be carried out to confirm that
transits do not occur.

6. METALLICITY

Gliese 687 appears to have a slightly sub-solar metal-
licity. Rojas-Ayala et al. (2012) use Na I, Ca I, and H2O-
K2 calibrations to estimate [Fe/H]=-0.09 for Gliese 687,
whereas the M-dwarf metallicity calibration of Schlauf-
man & Laughlin 2010 yields a value [Fe/H]=-0.02.

The connection between the detectable presence of a
giant extrasolar planet and the metallicity of the host

Figure 4.11: Lomb-Scargle periodogram of the photometric observations of GJ 687. In the
combined data set, the maximum observed power occurs at 58.48 days (top panel). However
when we consider only data obtained in 2010, where the rotational modulation is most clearly
exhibited, we find that maximum power occurs at P = 61.73 days (bottom panel). We identify
this periodicity with the rotational period of the star.
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et al. (2001), Paulson et al. (2004), and Boisse et al. (2012). Instead, this lack of photometric

variability confirms that the radial velocity variations in GJ 687 result from true planetary reflex

motion.

The photometric observations within ±0.13P of mid-transit are replotted with an ex-

panded scale in the bottom panel of Figure 4.12. The solid curve shows the predicted phase,

depth (assuming Neptune-like density), and duration of a central transit, computed from the stel-

lar radius in Table reftab:687stellarparams and the orbital elements in Table 4.2. The horizontal

error bar under the predicted transit time gives the ±1σ uncertainty in the timing of the transit.

The photometric observations when filtered using the Henry et al. (2001) procedure described

above, and when folded at the P = 38.14 day best-fit period for the planet, give no indication that

transits occur. We note, however, that the Markov Chain models generate a five-day window

for possible transits, and so a more conservative approach is also warranted. In Figure 4.13, we

plot the unfiltered photometric data, indicating the range of photometric points that potentially

could have been affected by transits were they to occur. Because of uncertainties in the orbit,

the potential transit duration, the potential size of the planet, and the error in the photometric

filtering, we recommend that continued photometric monitoring be carried out to confirm that

transits do not occur.
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Figure 4.12: Top panel Filtered differential photometric measurements for Gliese 687 folded
at the best-fit planetary period, P = 38.14 days. A light curve model for a centrally transiting
Neptune-sized planet is shown. The vertical error bar indicates the 0.002 magnitude photometric
precision. The horizontal error bar shows the 1-σ uncertainty on the time of a central transit.
Bottom panel shows a magnified view of the folded photometric data in the vicinity of the
predicted time of central transit.
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Figure 4.13: For each of the 10,402 potential systems in our Markov chain, we check the
predicted transit times against our photometric observations. If a photometric data point lies
within the transit window of a particular member of the Markov chain, we assign a value to that
point which is cosine-weighted by its distance from the predicted time of central transit. The
sum of these values is mapped onto the color of the points in the diagram. The phase of the
points, as well as the vertical gray bar spanning the predicted 3-hour central transit duration are
for our best fit model given in Table 4.2.
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Table 4.1: Stellar Parameters for Gliese 687

Parameter Value Reference

Spectral Type M3 V (Rojas-Ayala et al., 2012)
Mass (M�) 0.413±0.041 (Boyajian et al., 2012)

Radius (R�) 0.4183±0.0070 (Boyajian et al., 2012)
Luminosity (L�) 0.0213±0.00023 (Boyajian et al., 2012)

Distance (pc) 4.5±0.115 (Rojas-Ayala et al., 2012)
B −V 1.5 Simbad

V Mag. 9.15 (Rojas-Ayala et al., 2012)
J Mag. 5.335 (Cutri et al., 2003)

H Mag. 4.77 (Cutri et al., 2003)
K Mag. 4.548 (Cutri et al., 2003)

Avg. S-index 0.811 This work
σS−index 0.096 This work

Prot (days) 61.8±1.0 This work
Teff (K) 3413±28 (Boyajian et al., 2012)
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Table 4.2: 1-planet model for the GJ 687 System

Parameter Best fit Errors

Period (d) 38.14 (0.015)
Mass (MJ) 0.058 (0.007)
Mass (M⊕) 18.394 (2.167)
Mean Anomaly (deg) 234.62 (87.962)
Eccentricity 0.04 (0.076)
Longitude of periastron (deg) 359.43 (120.543)
Semi-major Axis (AU) 0.16353 (0.000043)

Time of Periastron (JD) 2450579.11 (9.32)

RV Half Amplitude (m s−1) 6.43 (0.769)
First Observation Epoch (JD) 2450603.97
Velocity Offsets
Keck/HIRES 0.64 m s−1 (0.63)
APF/Levy -1.71 m s−1 (1.68)
HET 1.27 m s−1 (0.98)
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Table 4.2 (cont’d): 1-planet model for the GJ 687 System

Parameter Best fit Errors

χ2 18.55
RMS 6.16 m s−1

Jitter 5.93 m s−1

Note. — All elements are defined at epoch JD = 2450603.97. Uncertainties are reported in
parentheses.

4.6 Metallicity

Gliese 687 appears to have a slightly sub-solar metallicity. Rojas-Ayala et al. (2012)

use Na I, Ca I, and H2O-K2 calibrations to estimate [Fe/H]=-0.09 for Gliese 687, whereas the

M-dwarf metallicity calibration of Schlaufman & Laughlin 2010 yields a value [Fe/H]=-0.02.

The connection between the detectable presence of a giant extrasolar planet and the

metallicity of the host star was noticed soon after the first extrasolar planets were detected

(Gonzalez, 1997), and has been studied in many previous works, see, e.g. Fischer and Valenti

(2005a); Sousa et al. (2011a). For M dwarfs, recent work, such as that by Neves et al. (2013),

suggests that the giant planet stellar metallicity correlation holds robustly for M-dwarf pri-

maries, but that for planets with mass, Mp . 20M⊕, no correlation is found with host star

metallicity, and indeed, Neves et al. (2013) report a hint of anti-correlation between the pres-

ence of a low-mass planet and host star [Fe/H]. Our detection of a Neptune-mass companion

to Gliese 687, and our Lick-Carnegie database of Doppler measurements of M dwarf stars pro-

vides an opportunity to revisit this topic.

Our database of radial velocity observations taken at the Keck Telescope contains
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142 M-type stars with the necessary spectral information to assess metallicity, 17 of which are

known to host planets published in the peer-reviewed literature. We break the planet-hosting

stars into two subgroups based on their masses - stars with M sin(i) planets less than 30 MEarth

are described as Neptune hosting while stars with M sin(i) planets greater than 30 MEarth are

listed as Jupiter hosting. We replicate the procedure of Schlaufman and Laughlin (2010) and

examine how horizontal distance from a field M dwarf main sequence in a MKs vs. (V − Ks)

color-magnitude diagram (CMD) correlates with metallicity, as noted e.g., by Baraffe et al.

(1998). The top panel of Figure 4.14 displays all of the Lick-Carnegie survey M dwarf stars

plotted in MKs vs. (V −Ks), with grey dots denoting survey stars without known planets, red dots

denoting survey stars that host “Neptune-mass” planets and blue dots representing the survey

stars that host “Jupiter-mass” planets. It can be seen that most planet hosting stars fall to the

right of the field M dwarf main sequence presented in Johnson and Apps (2009) (black line),

which is taken to be a [Fe/H]=0.017 isometallicity contour in this CMD. In order to quantify

the likelihood that a star’s horizontal distance from the isometallicity contour is related to its

propensity to host planets, we compare the distances for our actual planet-hosting stars with

randomly drawn samples from the collection of M dwarfs in the survey.

We characterize the position of each M dwarf by obtaining V-band and Ks photometry

and then using them to calculate the distance statistic Σ :

Σ =
n∑

i=1

(V − Ks)i − (V − Ks)iso (4.2)

To determine if the Σ of our known planet hosting subgroups is significant or, al-
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star was noticed soon after the first extrasolar planets
were detected (Gonzalez 1997), and has been studied in
many previous works, see, e.g. Fischer & Valenti (2005);
Sousa et al. (2011). For M dwarfs, recent work, such
as that by Neves et al. (2013), suggests that the giant
planet stellar metallicity correlation holds robustly for
M-dwarf primaries, but that for planets with mass, Mp .
20 M�, no correlation is found with host star metallicity,
and indeed, Neves et al. (2013) and Jenkins et al. (2013)
report a hint of anti-correlation between the presence of
a low-mass planet and host star [Fe/H]. Our detection of
a Neptune-mass companion to Gliese 687, and our Lick-
Carnegie database of Doppler measurements of M dwarf
stars provides an opportunity to revisit this topic.

Our database of radial velocity observations taken at
the Keck Telescope contains 142 M-type stars with the
necessary spectral information to assess metallicity, 17 of
which are known to host planets published in the peer-
reviewed literature. We break the planet-hosting stars
into two subgroups based on their masses - stars with
M sin(i) planets less than 30 MEarth are described as
Neptune hosting while stars with M sin(i) planets greater
than 30 MEarth are listed as Jupiter hosting. We repli-
cate the procedure of Schlaufman & Laughlin (2010) and
examine how horizontal distance from a field M dwarf
main sequence in a MKs vs. (V � Ks) color-magnitude
diagram (CMD) correlates with metallicity, as noted e.g.,
by Bara↵e et al. (1998). The top panel of Figure 15 dis-
plays all of the Lick-Carnegie survey M dwarf stars plot-
ted in MKs

vs. (V �Ks), with grey dots denoting survey
stars without known planets, red dots denoting survey
stars that host “Neptune-mass” planets and blue dots
representing the survey stars that host “Jupiter-mass”
planets. It can be seen that most planet hosting stars fall
to the right of the field M dwarf main sequence presented
in Johnson & Apps (2009) (black line), which is taken to
be a [Fe/H]= - 0.17 isometallicity contour in this CMD.
In order to quantify the likelihood that a star’s horizon-
tal distance from the isometallicity contour is related to
its propensity to host planets, we compare the distances
for our actual planet-hosting stars with randomly drawn
samples from the collection of M dwarfs in the survey.

We characterize the position of each M dwarf by ob-
taining V-band and Ks photometry and then using them
to calculate the distance statistic ⌃ :

⌃ =

nX

i=1

(V � Ks)i � (V � Ks)iso (2)

To determine if the ⌃ of our known planet hosting
subgroups is significant or, alternatively, if it could be
produced by chance, we make use of a Monte Carlo sim-
ulation that calculates the cumulative sample distance of
survey M dwarfs from the field M dwarf main sequence
presented by Johnson and Apps 2009. For the simu-
lation, we randomly select a subset of M dwarfs from
the Lick-Carnegie field star list, setting the sample size
equal to the number of M dwarfs known to host either
Jovian or Neptune mass planets. Then we compute the
cumulative horizontal distance of those stars from the
field M dwarf MS, where stars to the right of the MS
add their distance to the sum and stars to the left of
the MS subtract their distance. We repeat this process

Figure 15. Top panel Location of the 142 M dwarfs from the Lick-
Carnegie radial velocity survey. Stars known to host Jupiter-mass
planets are plotted in blue, those known to host twice-Neptune
Msin(i) (or smaller) planets are plotted in red and non-planet host-
ing survey M dwarfs are plotted in grey. The field M dwarf main
sequence from JA09 is shown as a black line and the arrows a�xed
to each point represent that survey star’s proper motion. Bottom
panel Distributions generated via Monte Carlo simulations of the
cumulative sample distance of field M dwarfs ( ⌃ as defined in
Eqn. 2) from the M dwarf main sequence used by Johnson and
Apps 2009. The points plotted on top of each curve in the bottom
panel represent the actual cumulative distance from the MS for our
planet hosting and field star samples.

10,000 times to determine the distribution of cumulative
horizontal distances from the MS given no correlation
between whether the star hosts an exoplanet and its lo-
cation in the (V � Ks) � (MKs) CMD.

Our results show that for hosts of Jupiter mass plan-
ets, ⌃ = 2.359, which corresponds to a probability
of p = 0.053+0.13

�0.04 that the stars’ cumulative distance
from the isometallicity contour occurred by chance. For
the Neptune hosts, we find that ⌃ = 1.113 leading to
p = 0.452+0.24

�0.23, and for the combination of all planet

hosts, we obtain ⌃ = 3.473 or p = 0.0775+0.09
�0.05. The

distributions resulting from the Monte Carlo simulation
and the locations of the actual planet hosting stars ⌃ val-
ues are displayed in the bottom panel of Figure 15. The
points plotted on top of each curve in Figure 15 repre-
sent the actual cumulative distance of our planet hosting
star samples from the field M dwarf MS. Our results thus
indicate that the planet-metallicity correlation is robust
for M-dwarf hosts of planets with M > 30M�, but that
at smaller masses there is, at present, no evidence a cor-
relation exists. This lack of a

Figure 4.14: Top panel Location of the 142 M dwarfs from the Lick-Carnegie radial velocity
survey. Stars known to host Jupiter-mass planets are plotted in blue, those known to host twice-
Neptune Msin(i) (or smaller) planets are plotted in red and non-planet hosting survey M dwarfs
are plotted in grey. The field M dwarf main sequence from JA09 is shown as a black line
and the arrows affixed to each point represent that survey star’s proper motion. Bottom panel
Distributions generated via Monte Carlo simulations of the cumulative sample distance of field
M dwarfs from the M dwarf main sequence used by Johnson and Apps 2009. The points plotted
on top of each curve in the bottom panel represent the actual cumulative distance from the MS
for our planet hosting and field star samples.
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ternatively, if it could be produced by chance, we make use of a Monte Carlo simulation that

calculates the cumulative sample distance of survey M dwarfs from the field M dwarf main se-

quence presented by Johnson and Apps 2009. For the simulation, we randomly select a subset

of M dwarfs from the Lick-Carnegie field star list, setting the sample size equal to the number

of M dwarfs known to host either Jovian or Neptune mass planets. Then we compute the cumu-

lative horizontal distance of those stars from the field M dwarf MS, where stars to the right of

the MS add their distance to the sum and stars to the left of the MS subtract their distance. We

repeat this process 10,000 times to determine the distribution of cumulative horizontal distances

from the MS given no correlation between whether the star hosts an exoplanet and its location

in the (V − Ks) − (MKs) CMD.

Our results show that for Jupiter planet mass hosts, Σ = 2.359, which corresponds to a

probability of p = 0.053+0.13
−0.04 that the stars’ cumulative distance from the isometallicity contour

occurred by chance. For the Neptune hosts, we find that Σ = 1.113 leading to p = 0.452+0.24
−0.23, and

for the combination of all planet hosts, we obtain Σ = 3.473 or p = 0.0775+0.09
−0.05. The distributions

resulting from the Monte Carlo simulation and the locations of the actual planet hosting stars Σ

values are displayed in the bottom panel of Figure 4.14. The points plotted on top of each curve

in Figure 4.14 represent the actual cumulative distance of our planet hosting star samples from

the field M dwarf MS. Our results thus indicate that the planet-metallicity correlation is robust

for M-dwarf hosts of planets with M > 30M⊕, but that at smaller masses there is, at present,

no evidence a correlation exists.
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4.7 Planet Recovery

The Lick-Carnegie exoplanet survey and its predecessors have carried out a long-term

monitoring program of the brightest M-dwarf stars in the sky. Our database of observations

contains 159 stars that have more than 10 observations apiece, and which, additionally, have

median internal uncertainty σ < 10ms−1. Within this group, there is a subset with extensive

data sets. For example, 11 stars have N > 100 observations and median internal uncertainties

σ < 13ms−1. A question of substantial interest, therefore, is the degree to which the observations

taken to date have probed the true aggregate of planetary companions to the M-dwarf stars in

our survey.

The effort required to obtain the existing data has been substantial. Among the M-type

stars alone, our database contains a total of 5,468 velocity measurements from Keck I, totaling

2,579,862 seconds (29.86 days) of on-sky integration. Overheads, including the acquisition of

high S/N spectra, CCD readout time, and weather losses, add materially to this time investment.

Furthermore, the distribution of total observing time allotted to the stars on the list has been

highly uneven. Targets such as Gliese 436 and Gliese 876, which harbor planetary systems of

particular interest, have received much more attention than the typical red dwarf in the survey.

For example, Gliese 436 has 148 observations and Gliese 876 has 204 observations obtained

with the Keck Telescope. The stars themselves also exhibit a range of chromospheric activity

levels. The resulting star-to-star dispersion in “stellar jitter" (tantamount to a measurement

uncertainty, σ jit) complicates the evaluation of threshold levels for M sin(i) as a function of

orbital period to which planetary companions can be excluded.
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There are a variety of approaches to the measurement of false alarm probabilities

(FAP) in the context of spectral analysis of unevenly sampled data. See, e.g. Baluev (2012)

for a recent discussion. A very simple approach is described by Press et al. (1992). For a

gaussian random variable1, the probability distribution for obtaining a peak at frequency ω of

Lomb-normalized power (Scargle, 1982), PN(ω), is exponential with unit mean. If a data set

drawn from measurements of a white noise (Gaussian) distribution supports measurement of M

independent frequencies, the probability that no peak exceeds power z (the FAP) is P(PN > z) =

1 − (1 − exp−z)M.

We adopt a FAP of 10−4, calculated with the above method (and using Monte-Carlo

simulations to determine M) as the generic threshold for attributing a given planetary signal to

a given dataset. With this detectability threshold, we use the Systemic Console 2.0 software

package (Meschiari et al., 2012) to determine the number of readily detectable planets in our

M-dwarf data set. A “readily detectable” planet generates a signal that can be isolated algorith-

mically (and automatically) by straightforward periodogram analysis and Levenberg-Marquardt

minimization. The results of this exercise are shown in Figure 4.15, which locates signals cor-

responding to 19 previously published planets orbiting 14 separate M-dwarf primaries. Other

than Gliese 667C, there are no stars on our 159-star list for which a planet has been published by

another group, and for which the automated algorithm finds no planets. Regarding GJ 667C, 40

observations have been made at Keck, and these were used in a characterization of the GJ 667C

system (Anglada-Escudé et al., 2012), however the peak planetary signal for this set fell below
1Clearly, the generating function for typical radial velocity datasets has non-Gaussian (and unknown) error.

False Alarm Probabilities must therefore be treated with great caution when evaluating the existence of a planet with
K & σunc..
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our FAP threshold when utilizing only the Keck data. The bright planet-hosting red dwarfs

Gliese 832, 3634, and 3470 all have declinations that are too far south to be observed from

Mauna Kea, and HIP 79431 (RA 16h 12m 41.77s DEC -18◦ 52′ 31.8′′) is not on the list of

M-dwarfs being monitored at Keck.

The Kepler Mission’s photometric data have been used to infer that small planets

orbiting M-dwarfs are very common. For example, Dressing and Charbonneau (2013) find an

occurrence rate of 0.9 planets per star in the range 0.5R⊕ < Rp < 4R⊕ with P< 50 days. Given

the existence of this large number of small-radius planets, it is of interest to make a quantitative

analysis of how deep into the expected population of super-Earth type planets suggested by the

Kepler Mission the Keck Radial Velocity Survey has probed. To answer this question, we have

created synthetic radial velocity data sets that contain test planets, and which conform with the

timestamps, the internal measurement uncertainties, and the stellar properties (namely mass)

for all 104 M-dwarfs under surveillance at Keck with at least 20 radial velocity observations.

To address the error source arising from stellar jitter, σjit, we use the median value provided in

Wright (2005) of 3.9 ms−1 as the expected level of σjit for our M-dwarf stars. This value is then

added in quadrature with the internal uncertainty and applied to the synthetic data set to create

a more accurate representation of the system.

For each of the 104 stars in the Keck survey, we have created 400 synthetic data sets.

Each set contains a single planet. The planets are evenly spaced in log period from 2 to 100

days, and evenly spaced in log mass from 1 M⊕ to 1 MJup. We assign a circular orbit to these test

planets and assume i = 90◦ and Ω = 0◦ in each case. We then calculate the radial velocity each of

these planets would induce on a parent star. A Gaussian distribution with σ2 = σinternal
2 +σjitter

2
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Figure 4.15: A table of recovered known extra solar planets orbiting M-Dwarf stars for which
Doppler velocity measurements from the Keck telescope exist in the Lick-Carnegie database
of observations. Published values (indicated with “Pub”) are drawn from the compilation at
www.exoplanets.org, accessed 2/14/2014. Also shown are the results obtained by our planet-
finding algorithm (indicated with “Calc”), when launched on a blind survey for planets.
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is used to perturb the predicted radial velocity value.

Each of the 104× 400 synthetic systems is passed to the planet search algorithm.

Figure 4.16 shows examples of the returned planets for 4 of the 104 stars in this experiment

including the star of main interest here, GJ 687. In Figure 4.16 the black lines from bottom to

top represent constant K =
(
2πG/P

)1/3MPM?
−2/3 values of 1, 10, and 100 m s−1 respectively.

As expected, the detectablity thresholds lie roughly along lines of constant K. To determine

the smallest K value we could reliably detect for each star, we find the smallest value of K for

which a planet was found for at least 50% of the chosen periods. This median value generates

the green lines seen in the figure. The top panel of Figure 4.17 shows these minimum K values

for each of the 104 stars that we tested. For clarity, the stars in this figure have been ordered by

increasing minimum K, and are colored by the number of observations we have for each.

If a test planet lies in its star’s habitable zone, (defined as the semi-major axis at which

the flux received by the planet is the solar constant received at Earth) we can ask how large the

planet needs to be to be detectable by our radial velocity survey. Figure 4.17 shows these

threshold masses for each of the 104 M-dwarf stars which we analyzed. These stars maintain

the ordering from the top panel, but now have been colored by the mass of the parent star. We

see that while the Keck survey has probed substantially into the regime occupied by Neptune-

mass planets, it has not made significant inroads into the super-Earth regime for periods that are

of astrobiological interest.

117



10-2

10-1

100

M
as

s 
[M

J
u
p
]

HD147379B
Nobs = 24
Jitter = 3.85

GL625
Nobs = 46
Jitter = 2.64

101 102

Period [Days]

10-2

10-1

100

M
as

s 
[M

J
u
p
]

GL687
Nobs = 122
Jitter = 2.1

101 102

Period [Days]

HD173740
Nobs = 50
Jitter = 2.71

10-20

10-18

10-16

10-14

10-12

10-10

10-8

10-6

10-4

FA
P

Figure 4.16: Example plots of our synthetic planet recovery around four M-dwarf stars. The
points represent planets our algorithm found, colored by the false alarm probability for the
initial detection. The black lines from bottom to top show radial velocity half amplitudes (K) of
1, 10, and 100 m s−1. The green line is our minimum detectable K value.
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Neptune-mass planet orbiting GJ 687 11

Figure 17. Top panel The minimum detectable K value for each
star in our M-dwarf collection. Bottom panel Assuming a minimum
detectable K for each M-dwarf star, if a planet was orbiting in that
star’s habitable zone, this is the minimum mass that planet could
have and still be recovered by our method.

by Neptune-mass planets, it has not made significant in-
roads into the super-Earth regime for periods that are of
astrobiological interest.

8. DISCUSSION

GJ 687 is the second planetary system to be detected
using data from the APF telescope, with the first be-
ing HD 141399 b,c,d, and e (Vogt et al. 2014a). APF
has successfully navigated its commissioning stage, and,
since Q2 2013, it has routinely acquired science-quality
data that presents sub-m/s precision on known radial
velocity standard stars (Vogt et al. 2014b). In recent
months, the degree of automation for APF has increased
substantially. The facility currently works autonomously
through an entire night’s operations, calibration, and ob-
serving program. The APF and its accompanying high-
resolution Levy spectrograph together form a dedicated,
cost-e↵ective, ground-based precision radial velocity fa-
cility that is capable of detecting terrestrial-mass planets
at distances from their parent stars at which surface liq-
uid water could potentially be present.

Unlike other highly successful RV facilities, the APF
uses neither image scrambling nor image slicing. With a
peak e�ciency of 15% and typical spectral resolutions of
R ⇠ 110, 000, the APF represents a critical new resource
in the global quest to detect extrasolar planets. Initial
speed comparisons indicate that in order to match the
signal-to-noise acquired using the Keck telescope/HIRES
Spectrograph combination, the APF needs only a factor

of 6 increase in observing time. Since the amortized cost
of a night on Keck is ⇠ 77⇥ more expensive than a
night on the APF, and because 80% of the APF’s nights
are reserved for exoplanetary work, the APF (with its
sub-m/s precision and dedicated nightly cadence abili-
ties) will likely provide key contributions to exoplanet
detection and characterization in the coming years.

Gliese 687 b’s radial velocity half-amplitude, K =
6.4 ± 0.5 ms�1, is substantially greater than the cur-
rent state-of-the-art detection threshold for low mass
planets. The lowest measured value for K in the cat-
alog of Doppler-detected extrasolar planets6 stands at
K = 0.51 ms�1 (Dumusque et al. 2012). On the other
hand, Gliese 687’s status as one of the nearest stars to
the Sun imbues it with a great deal of intrinsic inter-
est. In our view, the relatively recent date for Gliese
687 b’s detection can be attributed both to the substan-
tial amount of stellar-generated radial velocity noise (as
evidenced by Figures 3 and 5), but also to its location
in Draco, high in the Northern Sky, where APF, along
with HARPS North, are the only facilities that can rou-
tinely observe at sub-1 ms�1 precision. (As evidenced by
the data in this paper, Keck can observe at these high
declinations, but at significantly higher expense in com-
parison to stars lying closer to the celestial equator.)

Indeed, Gliese 687’s stellar coordinates (R.A. 17h, 36m,
DEC +68�) place it very close to the north ecliptic pole,
located at RA = 18h, Dec= +66�. This location flags it
as a star of potentially great importance for the forth-
coming NASA TESS Mission. As currently envisioned
(and as currently funded), TESS is a two-year, all-sky
photometric survey to be carried out by a spacecraft in a
27-day P/2 lunary resonant orbit. TESS will photomet-
rically monitor ⇠ 500, 000 bright stars with a < 60 ppm
1-hour systematic error floor. (For reference, a central
transit of the Sun by the Earth produces an 86 ppm
transit depth.) The Northern Ecliptic Hemisphere will
be mapped during the first year of the mission via a se-
quence of 13 sectors with 27 days of continuous obser-
vation per sector. These sectors overlap at the North
Ecliptic Pole, and create an area of ⇠1,000 square de-
grees ( 1/50th of the sky) for which photometric base-
lines will approach 365 days. Gliese 687 lies at the center
of this TESS “overlap zone” (which also coincides with
JWST’s continuous viewing zone). Because much longer
time series are produced in the overlap zone, the highest-
value transiting planets found by the mission will emerge
from this part of the sky (along with the sister segment
covering the South Ecliptic Pole).

As mentioned above, however, the TESS overlap zone
has received relatively little attention from the highest-
precision Doppler surveys. About 10,000 target stars
from the TESS Dwarf Star Catalog, all with V<12, are
present in the overlap zone. This, of course, is far too
many stars to survey with Doppler RV, but there ap-
pears to be substantial value inherent in monitoring the
brightest, nearest, and quietest members of the cohort of
TESS overlap stars. The latest estimates (Mayor et al.
2009, 2011; Batalha et al. 2013; Petigura et al. 2013)
suggest that ⇠50% of main sequence stars in the so-
lar vicinity harbor M > M� planets with P < 100 d.
Assuming a uniform distribution in period between 5

6 www.exoplanets.org

Figure 4.17: Top panel The minimum detectable K value for each star in our M-dwarf collec-
tion. Bottom panel Assuming a minimum detectable K for each M-dwarf star, if a planet was
orbiting in that star’s habitable zone, this is the minimum mass that planet could have and still
be recovered by our method.
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4.8 Discussion

GJ 687 is the second planetary system to be detected using data from the APF tele-

scope, with the first being HD 141399 b,c,d, and e (Vogt, 2014a). APF has successfully nav-

igated its commissioning stage, and, since Q2 2013, it has routinely acquired science-quality

data that presents sub-m/s precision on known radial velocity standard stars (Vogt, 2014b).

In recent months, the degree of automation for APF has increased substantially. The facility

currently works autonomously through an entire night’s operations, calibration, and observing

program. The APF and its accompanying high-resolution Levy spectrograph together form a

dedicated, cost-effective, ground-based precision radial velocity facility that is capable of de-

tecting terrestrial-mass planets at distances from their parent stars at which surface liquid water

could potentially be present.

Unlike other highly successful RV facilities, the APF uses neither image scram-

bling nor image slicing. With a peak efficiency of 15% and typical spectral resolutions of

R∼ 110,000, the APF represents a critical new resource in the global quest to detect extrasolar

planets. Initial speed comparisons indicate that in order to match the signal-to-noise acquired

using the Keck telescope/HIRES Spectrograph combination, the APF needs only a factor of 6

increase in observing time. Since the amortized cost of a night on Keck is ∼ 77× more expen-

sive than a night on the APF, and because 80% of the APF’s nights are reserved for exoplanetary

work, the APF (with its sub-m/s precision and dedicated nightly cadence abilities) will likely

provide key contributions to exoplanet detection and characterization in the coming years.

Gliese 687 b’s radial velocity half-amplitude, K = 6.4± 0.5ms−1, is substantially
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greater than the current state-of-the-art for low mass planets. The lowest measured value for

K in the catalog of Doppler-detected extrasolar planets2 stands at K = 0.51ms−1 (Dumusque

et al., 2012). On the other hand, Gliese 687’s status as one of the nearest stars to the Sun im-

bues it with a great deal of intrinsic interest. In our view, the relatively recent date for Gliese

687 b’s detection can be attributed both to the substantial amount of stellar-generated radial ve-

locity noise (as evidenced by Figures 4.3 and 4.5), but also to its location in Draco, high in the

Northern Sky, where APF, along with HARPS North, are the only facilities that can routinely

observe at sub-1ms−1 precision. (As evidenced by the data in this paper, Keck can observe at

these high declinations, but at significantly higher expense in comparison to stars lying closer

to the celestial equator.)

Indeed, Gliese 687’s stellar coordinates (R.A. 17h, 36m, DEC +68◦) place it very

close to the north ecliptic pole, located at RA = 18h, Dec= +66◦. This location flags it as a

star of potentially great importance for the forthcoming NASA TESS Mission. As currently

envisioned (and as currently funded), TESS is a two-year, all-sky photometric survey to be

carried out by a spacecraft in a 27-day P/2 lunary resonant orbit. TESS will photometrically

monitor∼ 500,000 bright stars with a < 60ppm 1-hour systematic error floor. (For reference, a

central transit of the Sun by the Earth produces an 86 ppm transit depth.) The Northern Ecliptic

Hemisphere will be mapped during the first year of the mission via a sequence of 13 sectors

with 27 days of continuous observation per sector. These sectors overlap at the North Ecliptic

Pole, and create an area of ∼1,000 square degrees ( 1/50th of the sky) for which photometric

baselines will approach 365 days. Gliese 687 lies at the center of this TESS “overlap zone”
2www.exoplanets.org
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(which also coincides with JWST’s continuous viewing zone). Because much longer time series

are produced in the overlap zone, the highest-value transiting planets found by the mission will

emerge from this part of the sky (along with the sister segment covering the South Ecliptic

Pole).

As mentioned above, however, the TESS overlap zone has received relatively little

attention from the highest-precision Doppler surveys. About 10,000 target stars from the TESS

Dwarf Star Catalog, all with V<12, are present in the overlap zone. This, of course, is far

too many stars to survey with Doppler RV, but there appears to be substantial value inherent in

monitoring the brightest, nearest, and quietest members of the cohort of TESS overlap stars.

The latest estimates (Mayor et al., 2009a, 2011; Batalha et al., 2013a; Petigura et al., 2013a)

suggest that ∼50% of main sequence stars in the solar vicinity harbor M > M⊕ planets with

P < 100d. Assuming a uniform distribution in period between 5 and 100 days, the average

transit probability for these planets is P ∼ 2.5%, suggesting that of order N ∼ 0.5× 0.025×

10000 ∼ 125 low mass transiting planets (and systems of transiting planets) will be detected by

TESS within the overlap zone. Of these, a small handful, of order 5 systems total (and perhaps,

with probability Ptransit = 1.2%, including Gliese 687 b) will garner by far the most attention

from follow-up platforms such as JWST, due to their having optimally bright parent stars.

Our detection of Gliese 687 b suggests that by starting now, with a systematic program

of Doppler observations of a target list of ∼200 carefully vetted G, K & M dwarf stars with

V∼7.5 to V∼10.5 in the 1000-square degree TESS overlap zone, APF can ensure that a precise

multi-year Doppler velocity time series will exist for the most important TESS planet host stars

at the moment their transiting planets are discovered.
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Chapter 5

Additional Planet Detections with the

Automated Planet Finder

5.1 Introduction

In addition to the single planet detection around GL 687, the APF has been a major

contributor to the characterization of two multi-planet systems that were published during the

course of this thesis. In the following chapter, we describe the data acquisition/analysis, result-

ing planetary fits and important discussions that accompanied the publication of the four planets

orbiting the eminently normal K dwarf HD 141399 and the six planets orbiting the extremely

nearby K dwarf HD 2191344.
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5.2 Four Jovian planets orbiting HD 141399

The target star considered in this section, HD 141399, is a relatively nearby (36 pc

distant) slightly evolved, slightly metal-rich K-type star located high in the northern sky (46◦

declination). Although it is quite bright, with V=7.2, its overall mediocrity has ensured that it

has remained generally obscure, even in astronomical circles. A standard Simbad search, for

example, turns up only four noncommittal mentions of the star in the literature between 1850

and 2013. Yet because HD 141399 is bright, and because it is chromospherically inactive, it

has been on the Keck Radial Velocity program for over a decade. Its first iodine spectrum dates

to July 2003. In recent months, it has also been repeatedly observed with the new Automated

Planet Finder Telescope (APF) at Lick Observatory (Vogt, S.S. et al., 2014).

Our set of 91 velocities for HD 141399 (including 77 measurements obtained at Keck

and 14 new measurements obtained at the APF) indicate that the star is accompanied by an

unusual subsystem of three giant planets with near-circular orbits and with periods ranging

from 94.0 days to 1070.0 days. The size of the annulus around this star spanned by these

planetary orbits is associated with the zone of the terrestrial planets in our own solar system.

Our radial velocities, furthermore, indicate the presence of a nearly Jupiter-mass planet at a

Jupiter-like distance from the star with an orbital period of roughly a decade. Our time baseline

of observations does not yet allow a definitive eccentricity determination for this outer planet.

HD 141399’s planetary system rises above a minimal threshold of interest as a consequence

both of the proximity of its inner two planets to the 2:1 mean motion resonance, as well as the

fact that it may well harbor an (apparently) rare near-twin of Jupiter.
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5.2.1 HD 141399 - Stellar Properties

HD 141399 (HIP 77301) is located at RA = +15:46:53.8 DEC = +46:59:10.5. As

shown in Figure 5.1, which is a color-magnitude diagram of all of the stars in the current Lick-

Carnegie Keck database, the star lies just at the main sequence turnoff, with a B − V magnitude

of 0.77±0.02 (van Leeuwen, 2007). Following Torres (2010) we derive an effective tempera-

ture Teff = 5360±53 K for this star, which, when combined with the d = 36.17 pc Hipparcos dis-

tance (van Leeuwen, 2007), and V = 7.2 magnitude imply a stellar luminosity L = 1.59±0.39L�

and a stellar radius R = 1.46±0.15R�. Assuming M∼ L1/3.5 gives us a stellar mass estimate of

1.14±0.08M�. Using calibrations derived by Ammons et al. (2006), we estimate a metallicity,

Fe/H = 0.18±0.16 for HD 141399, in keeping with the presence reported herein of several giant

planets. Stars with detectable giant planets similar to the ones reported here have, on average,

super-solar metallicities (Fischer and Valenti, 2005a). HD 141399 has no known stellar com-

panions, and is chromospherically quiet, with a Mt. Wilson S-index value SHK = 0.16 (Isaacson

and Fischer, 2010b) which implies an expected level of stellar jitter σjitter ≤ 2.25ms−1. Indeed,

as shown in Figure 5.2, HD 141399’s S-index places it among the locus of lowest activity stars

within the current Keck survey list.

5.2.2 Radial Velocity Observations of HD 141399

Two platforms, the HIRES spectrometer (Vogt et al., 1994b) of the Keck-I telescope,

and the Levy spectrometer of the new Automated Planet Finder at Lick Observatory (Vogt, S.S.

et al., 2014) were used to obtain radial velocity measurements for HD 141399. Doppler shifts

were measured in each case by placing an iodine absorption cell just ahead of the spectrom-
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Figure 5.1: HR diagram with HD 141399’s position indicated as a small open circle. Absolute
magnitudes, M, are estimated from V band apparent magnitudes and Hipparcos distances using
M = V +5log10(d/10 pc). All 956 stars in our catalog of radial velocity measurements for which
more than 20 Doppler measurements exist are shown, color-coded by their B-V values.
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Figure 5.2: The average value of the S-Index against the standard deviation of the S-Index for
all the stars in the Lick-Carnegie database. Planets with published planetary systems are colored
red. HD 141399 is shown as a square near the quiet tail of the diagram.
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eter slit in the converging beam of stellar light from the telescope (Butler et al., 1996c). The

forest of iodine lines superimposed on the stellar spectra generates a wavelength calibration

and enables measurement of each spectrometer’s point spread function. The radial velocities

from Keck were obtained by operating HIRES at a spectral resolving power R∼60,000 over the

wavelength range of 3,700-8,000 , though only the region 5,000-6,200 containing a significant

density of iodine lines was used in the present Doppler analysis. The APF measurements were

obtained over a similar spectral range, but at a higher spectral resolving power, R∼108,000. For

each spectrum that was obtained, the region containing the iodine lines was divided into ∼700

chunks, each of ∼ 2 width. Each chunk produces an independent measure of the wavelength,

PSF, and Doppler shift. The final measured velocity is the weighted mean of the velocities of

the individual chunks. All RVs have been corrected to the solar system barycenter, but are not

tied to any absolute RV system. As such, they are “relative” RVs, with a zero point that is

usually set simply to the mean of each set.

The internal uncertainties quoted for all the radial velocity measurements in this paper

reflect only one term in the overall error budget, and result from a host of systematic errors

from characterizing and determining the point spread function, detector imperfections, optical

aberrations, effects of undersampling the iodine lines, and other effects. Two additional major

sources of error are photon statistics and stellar “jitter”. The latter varies widely from star to star,

and can be mitigated to some degree by selecting magnetically inactive older stars and by time-

averaging over the star’s unresolved low-degree surface p-modes. The median signal to noise

(S/N) of our observations from Keck/HIRES in the iodine region used to calculate the Doppler

radial velocity shift is 217. The APF telescope shows a similar S/N but with less variance
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owing to its state of the art precision. With a bright star such as HD 141399, the exposure

time to attain this S/N is short enough that the star’s p-mode oscillations are a real concern

when determining its radial velocity. To avoid being dominated by p-modes, all observations in

this paper have been binned on 2-hour timescales. The calculation of the binned velocity and

associated timestamp take into account the internal uncertainty of each contributing spectrum.

5.2.3 Best-fit solution

The combined radial velocity data sets show a root-mean-square (RMS) scatter of

32.8 ms−1 about the mean velocity. This includes a “telescope” offset of σtel ∼ −0.87ms−1,

between the Keck and APF velocity zero points. (The exact value of σtel is allowed to vary

as a free parameter and emerges as a measured quantity in Table 5.1). HD 141399’s quiet

chromosphere implies a low level of expected stellar jitter, σjitt < 2ms−1, which is consistent

with a planetary explanation for the observed dispersion in radial velocities.
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Table 5.1: Self-consistent 4-planet model for the HD 141399 System

Best fit Errors

Period (d) b 94.35 (0.059)
c 202.08 (0.099)
d 1070.35 (8.178)
e 3717.35 (555.081)

RV Half-Amplitude (ms−1) b 18.8 (0.551)
c 43.51 (0.591)
d 22.28 (0.63)
e 8.34 (1.239)

Mean Anomaly (deg) b 224.63 (54.09)
c 303.75 (15.165)
d 273.89 (39.812)
e 153.93 (23.889)

Eccentricity b 0.04 (0.03)

130



Table 5.1 (cont’d): Self-consistent 4-planet model for the HD 141399 System

Best fit Errors

c 0.05 (0.013)
d 0.06 (0.029)
e 0.0 (Fixed)

Longitude of Periastron (deg) b 191.37 (55.088)
c 214.74 (14.457)
d 249.16 (38.966)
e 0.0 (Fixed)

Time of Periastron (JD) b 2452774.98 (15.371)
c 2452663.34 (8.537)
d 2452019.53 (119.538)
e 2451244.36 (555.624)

Semi-Major Axis (AU) b 0.4225 (0.00018)
c 0.7023 (0.00023)

131



Table 5.1 (cont’d): Self-consistent 4-planet model for the HD 141399 System

Best fit Errors

d 2.1348 (0.01086)
e 4.8968 (0.46122)

Mass (MJup) b 0.46 (0.025)
c 1.36 (0.067)
d 1.22 (0.067)
e 0.69 (0.164)

First Observation Epoch (JD) 2452833.85
Velocity Offset (KECK) 0.61 m s−1 (1.7)
Velocity Offset (APF) 1.48 m s−1 (1.89)
χ2 5.81
RMS 2.36 m s−1

Jitter (KECK) 2.35 m s−1 (0.281)
Jitter (APF) 2.59 m s−1 (0.729)

Note. — All elements are defined at epoch JD = 2452833.85. Uncertainties are reported in
parentheses.

A Lomb-Scargle periodogram of the 91 velocity measurements of HD 141399 is

shown in the top panel of Figure 5.3. False alarm probabilities are calculated with the boot-

strap method, as described in Efron (1979), iterating 100,000 times for a minimum probability

of 1e-5 as seen on the Pb , Pc , and Pd peaks in the top panels of Figure 5.3. Several period-

icities having vanishingly small false alarm probabilities are observed, with the strongest lying

at Pc = 201.88 days. This signal in the data is modeled as a Mc sin(i) = 1.36MJ planet with an

orbital eccentricity, ec = 0.05. The resulting periodogram of the residuals is shown in the second

panel from the top of Figure 5.3, and indicates the presence of significant power at periods of

both Pd = 1163 and Pb = 94.52 days. These two signals are modeled with planets of masses

Mb sin(i) = 0.46MJ and Md sin(i) = 1.22MJ. The residuals periodogram to the three-planet fit
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suggests the presence of a fourth planet in the system, with properties that are quite reminiscent

of Jupiter, Pe ∼ 4000 days, and Me sin(i)∼ 1.0MJ.

Using Levenberg-Marquardt optimization, we generated a 4-planet best-fit Keplerian

model for the system 5.4. We note that the proximity of the 94-day planet and the 201-day

planet to a 2:1 mean motion resonance generates a modest dynamical interaction over the pe-

riod covered by the radial velocity measurements. For our preferred model of the system, we

therefore derived a Newtonian fit in which planet-planet interactions (dominated by steady or-

bital precession, ω̇b, of the inner planet) are taken explicitly into account. This self-consistent

fit (which additionally assumes i = 90◦ and Ω = 0◦ for all four planets) is listed in Table 5.1,

and the stellar reflex velocity arising from our 4-planet orbital model is compared to the radial

velocity time series in the top panel of Figure 5.5. Phased RV curves for each of the four planets

in Table 5.1 are shown in Figure 5.6. A power spectrum of the residuals to our four-planet fit

is shown in Figure 5.7 and indicates no significant periodicities. Also shown in this figure is

a periodogram of the Mt. Wilson S-Index. None of the peaks in the periodogram of S-Index

values coincide with peaks that we are interpreting to arise from planets. Although there is a

long term trend present in the S-Index periodogram, it does not have a well defined peak like

that of planet e, shown in Figure 5.3.

It is of substantial interest to know whether planets such as the companions to HD 141399

formed in situ, or whether they accreted the bulk of their mass further out in the protoplanetary

disk and subsequently suffered Type II migration and attendant orbital decay (Seager, 2011). In

this regard, the proximity of planets b and c to the 2:1 mean motion resonance may provide an

important clue. A history of quiescent inward migration would suggest that these two planets
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Figure 4. Lomb-Scargle periodograms for top panel: radial veloc-
ity measurements of HD 141399 from the Keck and APF telescopes,
second panel from top residual velocities with planet c removed,
second panel from bottom residual velocities with planets c and d
removed, bottom panel residual velociteis with planets b, c, and d
removed. The horizontal lines from top to bottom represent false
alarm probabilities of 0.01%, 0.1%, 1.0% and 10.0% respectively.

Figure 5. top panel Best-fit self-consistent integrated 4-planet
model from Table ??, integrated and compared to the RV measur-
ments for HD 141399. RVs obtained with Keck/HIRES are blue,
RVs from the APF/Levy are shown in red. middle panel Veloc-
ity residuals to the best fit 4-planet model of the system. The
four dashed lines indicate from top to bottom Kc = 43.08 m s�1,
Kd = 21.95 m s�1, Kb = 18.6 m s�1, Ke = 9.42 m s�1, the ra-
dial velocity half-amplitudes of the detected planets in the system.
bottom panel Quantile-Quantile plot for the velocity residuals, in-
dicating the degree to which the errors conform to a gaussian dis-
tribution.

zero points. (The exact value of �tel is allowed to vary
as a free parameter and emerges as a measured quantity
in Table ??). HD 141399’s quiet chromosphere implies a
low level of expected stellar jitter, �jitt < 2 m s�1, which
is consistent with a planetary explanation for the ob-
served dispersion in radial velocities.

A Lomb-Scargle periodogram of the 91 velocity mea-
surements of HD 141399 is shown in the top panel of Fig-
ure ??. False alarm probabilities are calculated with the
bootstrap method, as described in ?, iterating 100,000
times for a minimum probability of 1e-5 as seen on the
Pb , Pc , and Pd peaks in the top panels of Figure ??.

Figure 5.3: Lomb-Scargle periodograms for top panel: radial velocity measurements of HD
141399 from the Keck and APF telescopes, second panel from top residual velocities with
planet c removed, second panel from bottom residual velocities with planets c and d removed,
bottom panel residual velociteis with planets b, c, and d removed. The horizontal lines from top
to bottom represent false alarm probabilities of 0.01%, 0.1%, 1.0% and 10.0% respectively.
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Figure 5.4: The orbits of the proposed planetary system around HD 141399. The points corre-
spond to the location of the planets at the initial observation epoch 2452833.85. The lines from
the origin correspond to each planet’s perihelion. The light lines are 1000 orbits of the planets
drawn from the converged segment of the Markov Chain. The dashed lines are the orbits of the
solar system planets with Mercury, Venus, Earth, Mars, and Jupiter all shown here.
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Figure 4. Lomb-Scargle periodograms for top panel: radial veloc-
ity measurements of HD 141399 from the Keck and APF telescopes,
second panel from top residual velocities with planet c removed,
second panel from bottom residual velocities with planets c and d
removed, bottom panel residual velociteis with planets b, c, and d
removed. The horizontal lines from top to bottom represent false
alarm probabilities of 0.01%, 0.1%, 1.0% and 10.0% respectively.

Figure 5. top panel Best-fit self-consistent integrated 4-planet
model from Table ??, integrated and compared to the RV measur-
ments for HD 141399. RVs obtained with Keck/HIRES are blue,
RVs from the APF/Levy are shown in red. middle panel Veloc-
ity residuals to the best fit 4-planet model of the system. The
four dashed lines indicate from top to bottom Kc = 43.08 m s�1,
Kd = 21.95 m s�1, Kb = 18.6 m s�1, Ke = 9.42 m s�1, the ra-
dial velocity half-amplitudes of the detected planets in the system.
bottom panel Quantile-Quantile plot for the velocity residuals, in-
dicating the degree to which the errors conform to a gaussian dis-
tribution.

zero points. (The exact value of �tel is allowed to vary
as a free parameter and emerges as a measured quantity
in Table ??). HD 141399’s quiet chromosphere implies a
low level of expected stellar jitter, �jitt < 2 m s�1, which
is consistent with a planetary explanation for the ob-
served dispersion in radial velocities.

A Lomb-Scargle periodogram of the 91 velocity mea-
surements of HD 141399 is shown in the top panel of Fig-
ure ??. False alarm probabilities are calculated with the
bootstrap method, as described in ?, iterating 100,000
times for a minimum probability of 1e-5 as seen on the
Pb , Pc , and Pd peaks in the top panels of Figure ??.

Figure 5.5: top panel Best-fit self-consistent integrated 4-planet model from Table 5.1, inte-
grated and compared to the RV measurements for HD 141399. RVs obtained with Keck/HIRES
are blue, RVs from the APF/Levy are shown in red. middle panel Velocity residuals to the
best fit 4-planet model of the system. The four dashed lines indicate from top to bottom
Kc = 43.08ms−1, Kd = 21.95ms−1, Kb = 18.6ms−1, Ke = 9.42ms−1, the radial velocity half-
amplitudes of the detected planets in the system. bottom panel Quantile-Quantile plot for the
velocity residuals, indicating the degree to which the errors conform to a gaussian distribution.
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HD 141399 5

Figure 6. Phased RV curves for planets b, c, d, and e. The
error estimate for each RV data point is also plotted, but may not
be visible due to the scaling of the individual curves. The vetical
dashed lines denote the extent of unique data.

Table 3
Self-consistent 4-planet model for the HD 141399 System

Best fit Errors

Period (d) b 94.35 (0.059)
c 202.08 (0.099)
d 1070.35 (8.178)
e 3717.35 (555.081)

RV Half-Amplitude (m s�1) b 18.8 (0.551)
c 43.51 (0.591)
d 22.28 (0.63)
e 8.34 (1.239)

Mean Anomaly (deg) b 224.63 (54.09)
c 303.75 (15.165)
d 273.89 (39.812)
e 153.93 (23.889)

Eccentricity b 0.04 (0.03)
c 0.05 (0.013)
d 0.06 (0.029)
e 0.0 (Fixed)

Longitude of Periastron (deg) b 191.37 (55.088)
c 214.74 (14.457)
d 249.16 (38.966)
e 0.0 (Fixed)

Time of Periastron (JD) b 2452774.98 (15.371)
c 2452663.34 (8.537)
d 2452019.53 (119.538)
e 2451244.36 (555.624)

Semi-Major Axis (AU) b 0.4225 (0.00018)
c 0.7023 (0.00023)
d 2.1348 (0.01086)
e 4.8968 (0.46122)

Mass (MJup) b 0.46 (0.025)
c 1.36 (0.067)
d 1.22 (0.067)
e 0.69 (0.164)

First Observation Epoch (JD) 2452833.85
Velocity O↵set (KECK) 0.61 m s�1 (1.7)
Velocity O↵set (APF) 1.48 m s�1 (1.89)
�2 5.81
RMS 2.36 m s�1

Jitter (KECK) 2.35 m s�1 (0.281)
Jitter (APF) 2.59 m s�1 (0.729)

Note. — All elements are defined at epoch JD = 2452833.85.
Uncertainties are reported in parentheses.

Several periodicities having vanishingly small false alarm
probabilities are observed, with the strongest lying at
Pc = 201.88 days. This signal in the data is modeled as
a Mc sin(i) = 1.36 MJ planet with an orbital eccentric-
ity, ec = 0.05. The resulting periodogram of the resid-
uals is shown in the second panel from the top of Fig-
ure ??, and indicates the presence of significant power
at periods of both Pd = 1163 and Pb = 94.52 days.
These two signals are modeled with planets of masses
Mb sin(i) = 0.46 MJ and Md sin(i) = 1.22 MJ. The
residuals periodogram to the three-planet fit suggests the
presence of a fourth planet in the system, with proper-
ties that are quite reminiscent of Jupiter, Pe ⇠ 4000 days,
and Me sin(i) ⇠ 1.0 MJ.

Using Levenberg-Marquardt optimization, we gener-
ated a 4-planet best-fit Keplerian model for the system.
We note that the proximity of the 94-day planet and the

Figure 5.6: Phased RV curves for planets b, c, d, and e. The error estimate for each RV data
point is also plotted, but may not be visible due to the scaling of the individual curves. The
vetical dashed lines denote the extent of unique data.
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Figure 5.7: Lomb-Scargle periodogram of the radial velocity residuals to the fit given in Table
5.1 plotted in black, and the Lomb-Scargle periodogram of the Mt. Wilson S-Index values
plotted behind in red.
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should have been captured into resonance. Their current configuration, however, can be placed

outside of the resonance with a very high degree of confidence, due to the high precision to

which the orbital eccentricities have been determined.

The aggregate of candidate systems with multiple transiting planets observed by Ke-

pler show no overall preference for configurations of planets lying in low order mean motion

resonance. The Kepler systems do, however, show a mild preference for configurations in

which the period ratios are a few percent larger than the nominal resonant value (Lissauer et al.,

2011a). The HD 141399 system conforms to this particular pattern. Recently, Batygin and

Morbidelli (2013) and Lithwick and Wu (2012) have shown that when two planets in the vicin-

ity of a low-order resonance interact gravitationally in the presence of dissipation, the initial

orbital separation increases as orbital energy is converted to heat. Initially near-resonant pairs

are driven toward orbits that are both more circular and separated by an increased distance that

scales with the total integrated dissipation experienced. Lithwick and Wu (2012) suggest that

the observed overdensity of near-resonant pairs can arise if tidal dissipation is unexpectedly

efficient, with Q ∼ 10. This explanation seems unlikely for HD 141399 b and c, which are

likely gas giants, and which likely have tidal quality factors that are orders of magnitude away

from the required value. Batygin and Morbidelli (2013) argue that the dissipative mechanism

is provided by interaction with the surrounding protoplanetary disk. This mechanism would

appear to be more viable in this case, although the hydrodynamical details are somewhat vague

and remain to be worked out.

In conclusion, HD 141399 harbors a fairly unusual system in which three (and likely

a fourth) Jovian-mass planets lie on low-eccentricity orbits with periods that conform to one’s
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naive expectation for terrestrial planets. Confirmation of this system was significantly aided by

velocity measurements from the APF telescope. The quality of the measurements that the APF

is obtaining show it is functioning as intended, and that it is producing Doppler measurements

that conform to the current state-of-the-art.
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5.3 A six-planet system orbiting the nearby star HD 219134

In this section, 276 velocities for HD 219134 (including 138 measurements with 2-

hour binning obtained from long-term Keck planet surveys, 37 measurements with 2-hour bin-

ning obtained from spectra taken at Keck by the NASA Q01 Program1, and 101 measurements

with 2-hour binning made with the Automated Planet Finder (APF) telescope) reveal that this

star hosts a multi-planet system.

Indeed, the radial velocities obtained at Keck have, since 2010, strongly suggested

that HD 219134 is accompanied by a multiple-planet system, but the orbital architecture at

periods P < 100d was unclear; the observing cadence at Keck was insufficient to adequately

define the orbital parameters of this rather complex multi-planet system. We find that the new

APF data, however, with their high velocity precision and improved observing cadence, permit

much fuller orbital characterizations for the planetary candidates. Our best model indicates

that the star is accompanied by an inner configuration of five low-amplitude planets (having

radial velocity half-amplitudes of K=1.9 m s−1, 1.4 m s−1, 2.3 m s−1, 4.4 m s−1, and 1.8 m s−1,

all with orbital periods P < 100 days). The system also displays a longer-period signal with

P = 2247± 43 d, and M sin(i) = 0.34± 0.02Mjup, which is similar to the mass of Saturn. The

presence of this outer planet has interesting consequences for current planet formation theories.

Taken as a whole, HD 219134 presents a planetary system of substantial scientific

interest. Its retinue of multiple super-Earth category planets is highly reminiscent of many of

the systems discovered by Kepler, albeit in association with a star that is thousands of times
1NASA program: “TPF Preparatory Science: Low Mass Short-Period Companions to TPF Target Stars’; P. I.:

W. Cochran’
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brighter than the median star in the Kepler catalog.

5.3.1 Stellar Parameters

HD 219134 (HR 8832; GJ 892; HIP 114622 ) is located high in the northern sky

(RA = +23:13:17, DEC +57:10:06) with stellar properties described in Table 5.2. As a bright

(V = 5.57), nearby (d = 6.55pc) K-type main sequence dwarf of naked-eye visibility, it has long

been of interest as a potential planet-bearing star. It was among the original 23 UBC Precise

Radial Velocity program stars observed with the CFHT starting in the early 1980s (Walker et al.,

1995; Walker, 2012), and it was an early target of interest at Keck. The first of our 138 Keck

velocity measurements dates to JD 2450395 (November, 1996). HD 219134 is currently the

99th nearest known stellar system2, and as a consequence, any planetary system that it harbors

would rank among the ten closest known systems (a plurality of which orbit much dimmer M-

dwarf primaries). Among stars known to harbor planets with masses Mpl sin(i) < 10Mjup, only

the Sun, Alpha Cen B, 61 Virginis, and HD 20794 have brighter V magnitudes.

Figure 5.8 shows HD 219134’s position on a color-magnitude diagram containing

all of the stars in the current Lick-Carnegie Keck database that have accumulated more than

20 Doppler measurements, and emphasizes the star’s entirely ordinary Main Sequence location.

Takeda et al. (2007) derive mass and radius estimates of M/M� = 0.794 and R/R� = 0.77, along

with an age, τ = 12.9 Gyr. Fischer and Valenti (2005a) measure vsin(i) = 1.8kms−1, which, if we

assume equator-on geometry and a radius R/R� = 0.77, implies Prot ∼ 20d. These parameters,

and other known stellar characteristics, are summarized in Table 5.3.
2www.recons.org/TOP100.posted.htm
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Figure 5.8: HR diagram with HD 219134’s position indicated as a small open circle. Absolute
magnitudes, M, are estimated from V-band apparent magnitudes and Hipparcos distances using
M = V +5log10(d/10 pc). All 956 stars in our catalog of radial velocity measurements for which
more than 20 Doppler measurements exist are shown, color-coded by their B-V values.
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Table 5.2: Stellar parameters for HD 219134

Parameter Value Reference

Spectral type K3V (Soubiran et al., 2008)
MV 6.46 (Soubiran et al., 2008)

V 5.57 (Oja, 1993)
B −V 0.99 (Oja, 1993)

Mass (M�) 0.794+0.037
−0.022 (Takeda et al., 2007)

Radius (R�) 0.77 ± 0.02 (Takeda et al., 2007)
Luminosity (Lsun) 0.31 This work

Distance (pc) 6.546 ± 0.012 (Soubiran et al., 2008)
Shk 0.25 This work

Age (Gyr) 12.46 (Takeda et al., 2007)
[Fe/H] 0.08 (Soubiran et al., 2008)
Teff (K) 4913 (Soubiran et al., 2008)

log(g) (cm s−2) 4.51 (Soubiran et al., 2008)

In spite of its potentially great age, HD 219134 does show indications of stellar activ-

ity. It is listed as a “Flare Star” in the SIMBAD Database, and both its median S-index value and

the standard deviation of its individual S-index measurements from our Keck spectra are higher

than those of the main locus of stars in our Keck survey (see Figure 5.9). Isaacson and Fischer

(2010a) report a stellar velocity jitter of 1.57 m s−1 for HD 219134, and this relatively low value

is corroborated by the analysis of this paper. We do find, however, that the radial velocities for

the star are potentially correlated with stellar activity over the decade-plus time baseline of our

observations. A periodogram of the S-index values (including measurements at all of our Keck

epochs, and at all APF epochs for which photoelectron counts in the I2 region of the spectrum

exceed N = 25,000) is shown in the top panel of Figure 5.10. There is a significant peak in this

periodogram at P ∼ 3300 days. This period is greater than and district from the P ∼ 2300 day

periodicity that is present in the Doppler Velocity data for this star. Figure 5.10 also shows a
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correlation plot of the radial velocity observations and their S-index values. The peak at zero

lag (observation record) indicates that there is correlation between the long-period signal in the

radial velocities and the S-index values, as manifested by the long period of decline in both time

series. It is therefore possible that some of the observed velocity variation can be attributed to

surface activity. Caution is always warranted in interpreting long-term RV variations.

The Mt. Wilson S-index measures the ratio of flux from 1 bins surrounding the line

centers of the Ca II H& K lines (at 3968.47 and 3933.66), as compared to two broader 25 band-

passes lying 250 to either side of the Ca II H& K line location (Duncan et al. 1991). In the

standard picture, an increase in the S-index, whose flux emerges from above the mean photo-
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Fig. 3.— Top Panel shows a periodogram of the Mt. Wil-
son S-index values associated with our Keck and APF spectra of
HD 219134. Bottom Panel shows a correlation plot for RV data
points and their associated S-index values. The shaded area marks
the 95% confidence interval for the Pearson correlation coe�cient,
estimated using sets of white noise data.

two broader 25Å bandpasses lying 250Å to either side of
the Ca II H& K line location (Duncan et al. 1991). In
the standard picture, an increase in the S-index, whose
flux emerges from above the mean photospheric depth of
the star, corresponds with an increase in spot activity on
the stellar surface. Spots, in turn, suppress convection
in their vicinity, which decreases the overall convective
blueshift of the star, leading to the expectation of a corre-
lation with the Doppler velocity of the star. A star with
a magnetic cycle that modulates the number of spots can
therefore present a long-term Doppler trend with an am-
plitude and periodicity that mimics the Keplerian signal
from a distant planet (Dumusque et al. 2011).

The upper panel of Figure ?? charts the velocity mea-
surements taken with the Keck and the APF telescopes
(with the median value for each data set subtracted)
against the corresponding S-index measurements. While
the strength of the overall positive correlation is indi-
cated by a linear fit to the data, the color-coded time-
ordering of the points indicates that the correlation was
much stronger during epochs from 2000 through approx-
imately 2010. Indeed, as is indicated by the middle panel
of Figure ??, the correlation has reversed sign from 2012
through present, and a weak negative correlation (having
less than 1� significance) is present in the recent APF
observations. Figure ?? permits comparison of the time
evolution of the S-index values to the corresponding RV
observations.
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Fig. 4.— Top Panel shows a scatter plot of the radial veloc-
ity data for our Keck and APF observations and their associated
S-index value. Each point is marked according to the time of ob-
servation. The best linear fit is shown as a solid line. Middle
Panel shows the same data, faceted in time to emphasize the time-
dependent correlation between the radial velocities and the S-index
activity indicator. Each panel contains the same number of points.
Bottom Panel shows the same data, faceted by dataset.

The unusual features in the time development of the
RV – S-index correlation imply that considerable caution
must be exercised in interpreting the source of the multi-
year periodicity that is present in the Doppler velocity
time series. Our candidate planetary signal could, for
example, be produced by the superposition of the stellar
magnetic activity cycle and a giant planet on a Keple-
rian orbit. Further monitoring, accompanied by detailed
analysis, is clearly required.

? report a number of additional spectroscopically
derived properties for HD 219134. It appears to be
somewhat metal-rich in comparison to the Sun, with

Figure 5.10: Top Panel shows a periodogram of the Mt. Wilson S-index values associated with
our Keck and APF spectra of HD 219134. Bottom Panel shows a correlation plot for RV data
points and their associated S-index values. The shaded area marks the 95% confidence interval
for the Pearson correlation coefficient, estimated using sets of white noise data.
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spheric depth of the star, corresponds with an increase in spot activity on the stellar surface.

Spots, in turn, suppress convection in their vicinity, which decreases the overall convective

blueshift of the star, leading to the expectation of a correlation with the Doppler velocity of the

star. A star with a magnetic cycle that modulates the number of spots can therefore present

a long-term Doppler trend with an amplitude and periodicity that mimics the Keplerian signal

from a distant planet (Dumusque et al. 2011).

The upper panel of Figure 5.11 charts the velocity measurements taken with the Keck

and the APF telescopes (with the median value for each data set subtracted) against the cor-

responding S-index measurements. While the strength of the overall positive correlation is

indicated by a linear fit to the data, the color-coded time-ordering of the points indicates that the

correlation was much stronger during epochs from 2000 through approximately 2010. Indeed,

as is indicated by the middle panel of Figure 5.11, the correlation has reversed sign from 2012

through present, and a weak negative correlation (having less than 1σ significance) is present

in the recent APF observations. Figure 5.12 permits comparison of the time evolution of the

S-index values to the corresponding RV observations.

The unusual features in the time development of the RV – S-index correlation imply

that considerable caution must be exercised in interpreting the source of the multi-year period-

icity that is present in the Doppler velocity time series. Our candidate planetary signal could,

for example, be produced by the superposition of the stellar magnetic activity cycle and a giant

planet on a Keplerian orbit. Further monitoring, accompanied by detailed analysis, is clearly

required.

Fischer and Valenti (2005a) report a number of additional spectroscopically derived
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Fig. 3.— Top Panel shows a periodogram of the Mt. Wil-
son S-index values associated with our Keck and APF spectra of
HD 219134. Bottom Panel shows a correlation plot for RV data
points and their associated S-index values. The shaded area marks
the 95% confidence interval for the Pearson correlation coe�cient,
estimated using sets of white noise data.

two broader 25Å bandpasses lying 250Å to either side of
the Ca II H& K line location (Duncan et al. 1991). In
the standard picture, an increase in the S-index, whose
flux emerges from above the mean photospheric depth of
the star, corresponds with an increase in spot activity on
the stellar surface. Spots, in turn, suppress convection
in their vicinity, which decreases the overall convective
blueshift of the star, leading to the expectation of a corre-
lation with the Doppler velocity of the star. A star with
a magnetic cycle that modulates the number of spots can
therefore present a long-term Doppler trend with an am-
plitude and periodicity that mimics the Keplerian signal
from a distant planet (Dumusque et al. 2011).

The upper panel of Figure ?? charts the velocity mea-
surements taken with the Keck and the APF telescopes
(with the median value for each data set subtracted)
against the corresponding S-index measurements. While
the strength of the overall positive correlation is indi-
cated by a linear fit to the data, the color-coded time-
ordering of the points indicates that the correlation was
much stronger during epochs from 2000 through approx-
imately 2010. Indeed, as is indicated by the middle panel
of Figure ??, the correlation has reversed sign from 2012
through present, and a weak negative correlation (having
less than 1� significance) is present in the recent APF
observations. Figure ?? permits comparison of the time
evolution of the S-index values to the corresponding RV
observations.
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Fig. 4.— Top Panel shows a scatter plot of the radial veloc-
ity data for our Keck and APF observations and their associated
S-index value. Each point is marked according to the time of ob-
servation. The best linear fit is shown as a solid line. Middle
Panel shows the same data, faceted in time to emphasize the time-
dependent correlation between the radial velocities and the S-index
activity indicator. Each panel contains the same number of points.
Bottom Panel shows the same data, faceted by dataset.

The unusual features in the time development of the
RV – S-index correlation imply that considerable caution
must be exercised in interpreting the source of the multi-
year periodicity that is present in the Doppler velocity
time series. Our candidate planetary signal could, for
example, be produced by the superposition of the stellar
magnetic activity cycle and a giant planet on a Keple-
rian orbit. Further monitoring, accompanied by detailed
analysis, is clearly required.

? report a number of additional spectroscopically
derived properties for HD 219134. It appears to be
somewhat metal-rich in comparison to the Sun, with

Figure 5.11: Top Panel shows a scatter plot of the radial velocity data for our Keck and APF
observations and their associated S-index value. Each point is marked according to the time of
observation. The best linear fit is shown as a solid line. Middle Panel shows the same data,
faceted in time to emphasize the time-dependent correlation between the radial velocities and
the S-index activity indicator. Each panel contains the same number of points. Bottom Panel
shows the same data, faceted by dataset.
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Figure 5.12: Plot of the S-index values compared to the corresponding RV observation. Velocity
measurements and S-index values are shown here for each I2 spectrum in our database for HD
219134. For purposes of RV modeling, we use 2-hour binning.
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properties for HD 219134. It appears to be somewhat metal-rich in comparison to the Sun, with

[M/H] = 0.09, and individual abundances that include [Na/H] = 0.13, [Si/H] = 0.02, [Ti/H] =

0.02, [Fe/H] = 0.12, and [Ni/H] = 0.09. Ramírez et al. (2013) report a high oxygen abundances

of [O/H] = 0.23. We note that this high value seems discrepant in light of the star’s other

abundance measurements, as well as the value [Fe/H] = 0.04 found by (Allende Prieto et al.,

2004), and so must be treated with caution. One could speculate, however, that there might be

a connection between the possible high abundance of iron and the apparent ease with which

the system formed multiple planets having P < 100 days (Robinson et al., 2006). Tanner et al.

(2009) observed HD 219134 at 160µm using the Spitzer Space Telescope’s MIPS spectrometer,

and found no excess emission characteristic of a remnant debris disk, in keeping with the large

apparent age of the star.

5.3.2 Radial velocity observations of HD 219134

The HIRES spectrometer, located at the Keck-I telescope (Vogt et al., 1994b), and the

Automated Planet Finder’s Levy spectrometer (Vogt et al., 2014b) were employed to obtain the

Doppler measurements of HD 219134 that form the basis of this section. In accordance with

long-established practice, Doppler shifts at both telescopes are obtained by imprinting an iodine

absorption spectrum on the collected starlight prior to its incidence on the spectrograph slit

(Butler et al., 1996b). The forest of added I2 lines generates a stable wavelength calibration and

permits the measurement of the spectrometer point spread function (PSF). For each spectrum so

obtained, the 5000 . λ. 6200 region containing a sufficient density of I2 lines is subdivided

into 700 individual segments of width 2, with each segment providing independent measures of
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the wavelength, the PSF, and the Doppler shift. Our reported overall stellar velocity from a given

spectrum is a weighted mean of the individual velocity measurements. The uncertainty for each

velocity is the RMS of the individual segment velocity values about the mean divided by the

square root of the number of segments. This “internal" uncertainty represents primarily errors

in the fitting process, which are dominated by Poisson statistics. The velocities are expressed

relative to the solar system barycenter, but are not referenced to any absolute fiducial point As

a consequence, the velocity zero-point offset between the measurements at the two telescopes

must be treated as a free parameter.

For the data set being considered here, there is an 8-year gap between the first Keck

velocity measurement and the second Keck velocity measurement. The Keck HIRES CCD was

upgraded during the interval between the two observations. In our reduction pipeline, we first

analyze the entire Keck data set using only the spectral chunks that are present in both the pre

and post-upgrade detector CCDs, thereby obviating the need for any additional internal velocity

offsets. We then reanalyze the post-fix spectra, using all the spectral chunks, thereby improving

the post-fix precision.

Table 5.3 presents the complete set of our RV observations for HD 219134. The

RV coverage spans approximately 19 years of monitoring over 276 (two-hour binned) mea-

surements. The median internal uncertainty for our observations is σi ≈ 0.75 m s−1, and the

peak-to-peak velocity is ≈ 31.3 m s−1. The velocity scatter around the average RV is ≈ 5.7

m s−1. Observations marked as “Keck” are HIRES velocities from spectra obtained by the

Lick-Carnegie Exoplanet team, or, in some cases, from publicly available archived spectra ob-

tained by the California Planet Survey (Howard et al., 2010). Observations marked “Q01” are
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Table 5.3: Radial Velocity observations (sample)

Index Time (JD) RV (m s−1) Uncertainty (m s−1) Dataset

1 2450395.74 -4.50 0.50 KECK
2 2453239.05 -2.14 0.74 KECK
3 2453301.77 -13.31 1.37 KECK
4 2453338.71 -5.86 0.53 KECK
5 2453547.10 1.56 0.45 KECK
6 2453548.09 1.39 0.48 KECK
7 2453549.12 -0.66 0.55 KECK
8 2453550.09 2.79 0.43 KECK
9 2453551.09 0.81 0.38 KECK
10 2453552.05 -1.88 0.44 KECK
11 2453571.06 0.00 0.48 KECK
12 2453692.77 6.20 0.71 KECK
13 2453693.70 1.81 0.60 KECK
14 2453693.92 1.54 0.57 KECK
15 2453694.70 1.48 0.58 KECK

velocities computed using our pipeline from archival HIRES spectra from the 2005 NASA pro-

gram: “TPF Preparatory Science: Low Mass Short-Period Companions to TPF Target Stars", to

Principal Investigator W. Cochran. Observations marked “APF” are from spectra obtained with

the APF telescope and Levy Spectrometer.

5.3.3 Keplerian Solution to the HD 219134 data

Figure 5.13 shows the RV measurements after binning to two-hour increments. We

again note that there is a single Doppler measurement at BJD 2450395.74 (November 8th, 1996)

followed by a nearly eight-year gap to the next measurement at BJD 2453239.05 (August 21,

2004). The single early epoch point is useful for cementing the lack of any apparent long-term

large-scale Doppler velocity trend. The top panel of Figure 5.14 shows the error-weighted,
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Figure 5.13: Radial velocity observations for HD 219134.
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normalized Lomb-Scargle periodogram (Zechmeister and Kürster, 2009). The three horizontal

lines in the plot represent different levels of false alarm probability (FAP; 10%, 1% and 0.1%,

from bottom to top, respectively). The FAPs were computed by scrambling the dataset 100,000

times and sampling the periodogram at 100,000 frequencies, in order to determine the probabil-

ity that the power at each frequency could be exceeded by chance (e.g. Marcy et al., 2005). The

bottom panel of Figure 5.14 shows the spectral window, displaying the usual peaks due to ob-

servational cadence, arising from the sidereal and solar days, and from the solar year (Dawson

and Fabrycky, 2010).

We then fit the radial velocities with a Keplerian model with a vector of parameters

θ̄, consisting of the orbital elements (period, mass, mean anomaly, eccentricity and longitude

of pericenter for each planet) and vertical offsets for each dataset (to account for differences

in the zero point among datasets). A simple Markov-Chain Monte Carlo algorithm (MCMC;

e.g. Ford, 2005, 2006; Gregory, 2011), in conjunction with Equations 1-3 and flat priors on

log P, logM, and the other orbital parameters, was used to characterize the distribution of the

parameters of the model, using the best fit the starting point. For the noise parameters, sj, the

corresponding prior is a modified Jeffrey function p(sj) = [(sj + s0) ln(1 + smax/s0)]; for sj� s0

(which we take equal to 0.3 m s−1), the function is a uniform prior (which includes 0), while for

sj� s0 the function is a regular Jeffrey prior (Gregory, 2011). The MCMC routine is run until

sufficient convergence is achieved. The uncertainties in each parameter are reported in Table

5.3.3 within square brackets.

The final best-fit model is shown in Figure 5.15, with the corresponding orbital ele-

ments listed in Table 5.3.3, where we report median and mean absolute deviation for each pa-
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Fig. 8.— Top panel: Error-weighted Lomb-Scargle periodogram
for HD 219134. False-alarm probability levels are shown at the
10%, 1% and 0.1% level. Bottom panel: Spectral window function.

We fit the radial velocities with a Keplerian model with
a vector of parameters ✓̄, consisting of the orbital el-
ements (period, mass, mean anomaly, eccentricity and
longitude of pericenter for each planet) and vertical o↵-
sets for each dataset (to account for di↵erences in the
zero point among datasets). Each radial velocity mea-
surement vi, taken at time ti, is represented as

vi = V (ti, ✓̄) + ei + sj , (1)

where V (ti, ✓̄) is the predicted velocity, and ei is normally
distributed with variance e2

i (fixed, and corresponding to
the formal uncertainties quoted by the observer). The
term sj accounts for additional sources of scatter (e.g.
underestimated measurement errors, stellar jitter, and
other astrophysical sources of RV variation), modeling
the residual noise in each j-th dataset as normally dis-
tributed with variance s2

j (e.g. ?). Therefore, scatter
from the model is modeled with a Gaussian distribution
of variance e2

i + s2
j . The best-fit parameters are derived

by optimizing the log-likelihood of the model:

log L = �1

2

"
�2 +

NoX

i=1

log(e2
i + s2

i ) + No log(2⇡)

#
, (2)

where

�2 =

NoX

i=1

(Vi � vi)
2/(e2

i + s2
i ) . (3)

In order to derive the starting values of the parameters,

we fit our data by removing peaks in the Lomb-Scargle
periodogram of the residuals. For each N -planet model,
we compute bootstrapped periodograms and investigate
the strongest peaks with FAP < 10�3. Figure ?? shows
the periodogram of the residuals for each stage of the fit
construction.

A simple Markov-Chain Monte Carlo algorithm
(MCMC; e.g. ???), in conjunction with Equations 1-
3 and flat priors on log P , log M, and the other or-
bital parameters, was used to characterize the distri-
bution of the parameters of the model, using the best
fit the starting point. For the noise parameters, sj,
the corresponding prior is a modified Je↵rey function
p(sj) = [(sj + s0) ln(1 + smax/s0)]; for sj ⌧ s0 (which we
take equal to 0.3m s�1), the function is a uniform prior
(which includes 0), while for sj � s0 the function is a
regular Je↵rey prior (?). The MCMC routine is run un-
til su�cient convergence is achieved. The uncertainties
in each parameter are reported in Table ?? within square
brackets. The marginal distribution of each parameter,
based on 5 ⇥ 105 samples from the MCMC routine, is
shown in Figure ??.

The final best-fit model is shown in Figure ??, with the
corresponding orbital elements listed in Table ??, where
we report median and mean absolute deviation for each
parameter. The inner 5 planets are fixed on circular or-
bits, since the best-fit Keplerian model with eccentric
orbits has crossing orbits and is therefore unstable. We
also note that the gravitational (non-Keplerian) interac-
tion between the inner 5 planets is small, but not com-
pletely negligible, since the planet pair b-c and the planet
triple d-e-f lie close to mean-motion resonances (2:1 and
4:2:1 respectively). Figure ?? shows an orbital diagram
of the system.

As a final test to assess the quality of the 6-planet
model, we use a cross-validation algorithm on the data,
comparing an N -planet model with an (N � 1)-planet
model. In the “leave-one-out” flavor used for the present
paper, we divide the full dataset of No observations into
a training set of No � 1 observations and a testing set
of a single observation, rotated among all observations;
each training set is used to derive a new fit. The like-
lihood of the prediction made combined from each test-
ing set (log Lcv; higher is better) measures the predictive
power of the model, and is sensitive to both underfitting
and overfitting; for instance, a lower (worse) log Lcv for
a model with a larger set of parameters is indicative of
overfitting. Table ?? reports the values of log Lcv. Each
fit is strictly better (higher likelihood) than the previ-
ous, suggesting (but not conclusively proving) that the
6-planet Keplerian model is not overfitting the data.

Figure ?? illustrates that the distribution of the resid-
uals is very nearly normal, which suggests that we are
not overfitting the data (assuming the real distribution
of the residuals is itself normal). Finally, we note that
the orbital elements (for signals with P < 100 d) derived
with the APF data alone are comparable to the orbital
elements of the fit derived with the combined datasets,
aside for the 94-day candidate planet, which is detected
at the lowest significance among the six signals.

4.1. Risk Assessment

Figure ?? is a mass-period diagram for planets whose
detections have been publicly announced but whose sta-

Figure 5.14: Top panel: Error-weighted Lomb-Scargle periodogram for HD 219134. False-
alarm probability levels are shown at the 10%, 1% and 0.1% level. Bottom panel: Spectral
window function.
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rameter. The inner 5 planets are fixed on circular orbits, since the best-fit Keplerian model with

eccentric orbits has crossing orbits and is therefore unstable. We also note that the gravitational

(non-Keplerian) interaction between the inner 5 planets is small, but not completely negligible,

since the planet pair b-c and the planet triple d-e-f lie close to mean-motion resonances (2:1 and

4:2:1 respectively).

5.3.4 Photometry of HD 219134

High-precision long-baseline photometric data have been acquired for HD 219134

with the T10 0.8m APT at Fairborn Observatory (Henry, 1999b) in the Stromgren b & y pass

bands. A total of 313 observations were obtained from the 2010 through 2014 observing sea-

sons. The two-color observations have been combined to produce a ∆(b + y)/2 joint-filter time

series, which improves measurement precision. The time-series is obtained using the standard

quartet observing sequence that compares the target star with a set of three comparison stars

(Henry, 1999b). For the observations reported here, the three comparison stars (denoted a, b, &

c) are: a – HD 223421, (V = 6.36, B-V=0.408, F2 IV), b – HD 217071 (V=7.45, B-V=0.368,

F1 III), c – HD 215588 (V=6.45, B-V=0.430, F5 V), whereas the target star HD 219134 (5.57,

B-V=1.000, K3 V) is denoted star d.

In reducing the data, all six permutations of differential magnitudes of the four stars

are evaluated. As described in Henry (1999b), only data that survive a cloud filter are retained,

and the photometry is normalized so that all observing seasons have the same mean as the first

season. We note, however, that there is little, if any, observable change in the mean magnitude

from year to year. A 3-σ filter was applied, which removed six outlying photometric points.
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Figure 5.15: Best-fit Keplerian model for HD 219134.
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In keeping with standard procedure, however, the outliers were not removed until after the data

had been phased to each of the planetary periods to be sure they were not transit points.

The full photometric time series is shown in Figure 5.16 and a year-by-year break-

down is shown in Figure 5.17. The observations within each year are constant from night to

night with a mean standard deviation of 0.0014 mag. This is the approximate limit of precision

for a single nightly observation with the T10 APT. The yearly means are also constant to a

limit of only 0.00055 mag. No significant photometric period is found in any year or across the

entire data set. In addition, we have normalized the data so all yearly means are identical and

fit least-squares sine curves on the candidate planetary periods with the results shown in Table

5. None of the candidate planetary periods exhibit significant photometric periodicities. Phase

plots on the planetary periods show no sign of transits.

The five inner planets of the HD 219134 system have a-priori geometric probabilities

of transit of 9.2%, 5.4%, 2.4%, 1.5% and 0.93% for the P =3.093, 6.763, 22.81, 46.72, and 94.19

day periods, respectively. As reviewed by authors such as Wolfgang and Lopez (2015), super-

Earth mass planets that are members of systems containing multiple planets with P < 100d

display a very large range in radii at given mass, and in expectation, often contain ∼ 1% of

the total planetary mass in hydrogen and helium. The presence of these light gasses, in turn,

generates a substantial contribution to the overall planetary radius. If we use the solar system

mass-radius relation, Mp/M⊕ = (Rp/R⊕)2.06 (Lissauer et al., 2011b), we expect that the transit

depths for HD 219134 b and c will be of order δt < 0.1%, which is too small a signal for

phase-folded long-term ground-based photometry of the type reported here, but is within reach

if platforms such as MOST, Warm Spitzer, or JWST are employed for a targeted transit check.
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Figure 5.16: Differential photometric measurements of HD 219134 using the T10 0.8m APT at
Fairborn Observatory (Henry, 1999b).
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Indeed, systems such as HD 219134 form a strong basis for the scientific case of the forthcoming

CHEOPS Mission, scheduled for launch in 2017.

5.3.5 Discussion

In comparison to our own Solar System, HD 219134 has an exotic architecture, with

at least five super-Earth mass planets orbiting with periods of less than 100 days. Discoveries

in recent years, however, have indicated that such systems are surprisingly common (Mayor

et al., 2009b). This result has received strong, and indeed dramatic confirmation from the Ke-

pler Mission (Batalha et al., 2013b), which revealed hundreds of candidate multiple-transiting

multiple-planet systems that (at least in broad-brush strokes) call to mind HD 219134 b-f. This

resemblance is underscored by Figure 5.18, in which the HD 219134 planets are shown in con-

junction with Kepler’s transiting planet candidates.

A question of substantial interest is whether planetary systems such as HD 219134

are assembled in situ (Montgomery and Laughlin, 2009; Hansen and Murray, 2012; Chiang

and Laughlin, 2013), or whether the planets form at large distances and then migrate inward

to their final locations. At present, it is not fully clear how to realistically distinguish between

the two scenarios. Recent work by Batygin and Laughlin (2015a) has emphasized the role of

outer giant planets in triggering collisional cascades among planetesimals that can potentially

destroy systems of super-Earths such as those described in this paper. It will therefore be of

substantial interest to understand the nature of the long-term (P & 2000 day) periodicity in the

radial velocity time series.

Among the thousands of planetary systems that are now known, HD 219134 stands
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out. The bright primary star has demonstrated excellent radial velocity stability over two

decades of measurement, and, given more data, there is a tantalizing possibility of finding ad-

ditional low-mass planets in the system. With the parent star luminosity estimated at 0.31L�,

a planet orbiting HD 219134 at 0.56 AU would receive the same energy flux that the Earth

receives from the Sun. Such a planet would have an orbital period of 167 days. If it had a

mass equal to that of Earth, its radial velocity half amplitude would be K = 14cms−1. Such a

signal would be challenging, but given current projections for the Doppler velocity technique,

almost certainly not impossible to detect. Going forward, HD 219134 looks to be an ideal

target for platforms such as APF, HARPS-N, the APTs, and other high-precision Doppler and

photometric facilities with access to the far northern sky.
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Table 5.4: Best-fit 6-Keplerian Model for HD 219134
HD 219134b HD 219134c HD 219134d

P [days] 3.0931 [0.0001] 6.7635 [0.0006] 22.805 [0.005]
Msin(i) [Mjup] 0.012 [0.001] 0.011 [0.002] 0.028 [0.003]

M [deg] 57 [20] 78 [27] 263 [20]
e 0 0 0

ω [deg] 0 0 0
K [ms−1] 1.9 [0.2] 1.4 [0.2] 2.3 [0.2]

a [AU] 0.0384740 [8×10−7] 0.064816 [4×10−6] 0.14574 [2×10−5]
Tperi [JD] 2449999.5 [0.2] 2449998.5 [0.5] 2449983 [1]

HD 219134e HD 219134f HD 219134g
P [days] 46.71 [0.01] 94.2 [0.2] 2247 [43]

Msin(i) [Mjup] 0.067 [0.004] 0.034 [0.004] 0.34 [0.02]
M [deg] 277 [11] 107 [35] 209 [56]

e 0 0 0.06 [0.04]
ω [deg] 0 0 215 [50]

K [ms−1] 4.4 [0.2] 1.8 [0.2] 6.1 [0.3]
a [AU] 0.23508 [4×10−5] 0.3753 [0.0004] 3.11 [0.04]

Tperi [JD] 2449964 [1] 2449972 [9] 2448725 [356]
Q01 snoise [ms−1] 1.1 [0.2]

KECK snoise [ms−1] 2.5 [0.2]
APF snoise [ms−1] 1.8 [0.2]

Q01 ∆v [ms−1] -0.9 [0.6]
KECK ∆v [ms−1] -0.8 [0.2]

APF ∆v [ms−1] -2.3 [0.6]
M? [M�] 0.794

χ2 280.407
− logL 593.311

RMS [ms−1] 2.223
σ?,Jitter [ms−1] 2.038

Epoch [JD] 2450000
Data points 276
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Chapter 6

Simulating future exoplanet contributions: An

APF and TESS collaboration

6.1 Introduction

As the exoplanet census continues to grow, the super-Earth and sub-Neptune planets

first detected by NASA’s Kepler mission have asserted their position as the most common planet

archetype in the galaxy (at least for planets with periods, P <100 days). These planets, with radii

ranging from 1-4 R⊕, make up some 81% of current Kepler exoplanet candidates (Akeson et al.,

2013). Yet despite their ubiquity, we still do not have a clear picture of the mass–radius relation

that governs these objects. They span the transition in radius space from predominantly rocky

bodies to planets with the voluminous layers of volatiles seen in our own ice giants, meaning that

their masses can vary widely, due to their range of possible compositions (rock, astrophysical

ices and/or H/He gas).
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Kepler alone has detected thousands of exoplanet candidates with radii ranging from

1-4 R⊕ (Coughlin et al., 2015), yet providing well constrained masses for them has proven

non-trivial. Many of these planets orbit faint stars and impart radial velocity (RV) signals of <1

m s−1. As the most advanced RV telescopes currently in operation are only just now starting

to cross the 1 m s−1 precision threshold - and even then only on bright, quiet, stars - follow

up efforts to determine the Kepler planets’ masses are both time intensive and challenging. To

date, only 234 of the 1041 confirmed Kepler planet have had their masses determined via RV

observations, while the other 807 planet masses remain unknown (Akeson et al., 2013).

The second phase of Kepler, K2, is providing some improvements as it searches the

ecliptic plane for evidence of transits in 80 day segments. K2 targets brighter stars than Kepler,

and after completing 9 campaigns, 39 planet candidates (predominantly from Campaign 2) have

already been confirmed and had their masses measured via RV followup (Akeson et al., 2013).

The super-Earth and sub-Neptune planet candidates however are still pushing towards the limits

of what current telescopes can reliably measure.

While RV instrumental precision and capabilities are improving (Fischer et al., 2016),

perhaps the best hope for further populating the M–R diagram with small exoplanets in the near

term lies with NASA’s TESS mission (the Transiting Exoplanet Survey Satellite), currently

scheduled to launch in late Summer 2017 (Ricker et al., 2014). TESS will survey the entire

night sky, looking for evidence of exoplanet transits across the brightest, nearby stars. Initial

concepts for TESS suggested that almost all of the satellite’s postage stamp stars would be

brighter that V = 12, making them ideal targets for ground based RV follow up. More recent

simulations of the survey’s yields, however, show a sample that is notably skewed towards the
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same magnitude ranges covered by Kepler (Figure 6.1) (Sullivan et al., 2015).

Although many of the host stars are fainter than originally anticipated, TESS will still

provide a large step forward in our efforts to understand the M–R relation in small exoplanets,

providing 100+ bright stars (V < 12) with transiting planet candidates and many more faint stars

(12 < V < 16) (Sullivan et al., 2015). With such a plethora of targets, the follow-up efforts that

are sure to dominate the RV field as TESS starts returning planet candidates need to be well

thought out and (ideally) coordinated. This requires developing a detailed understanding of

the potential contributions of each telescopes to the M–R diagram; specifically which areas of

parameter space they can fill in and what their target coverage and error bars are likely to look

like after a given amount of observing time.

In this paper, we investigate the potential contributions of Lick Observatory’s Auto-

mated Planet Finder (APF) telescope to the TESS RV follow-up campaign. We begin by pro-

viding a brief overview of the telescope and its past performance in §6.2. In §6.3 we describe

the creation and selection function for our simulated planet candidate database, and our use of

a M-R relation (Wolfgang et al., 2015) to determine likely masses and the desired RV precision

in a way that incorporates the significant current uncertainties in this relation. §6.4 details the

design and implementation of a new, time varying prioritization scheme that interfaces with the

APF’s dynamic scheduler to ensure that we are observe targets at points in their phase curve

when they will provide the maximum impact on our RV analysis. Then in §6.5 we describe the

observing simulator we have created for the APF and the details of our simulated, multi-year

follow-up campaign, before analyzing the resulting additions to the M–R diagram in §6.6. We

conclude the paper in §6.7 with a discussion of how the M–R diagram is likely to evolve with
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the advent of TESS and remarks on the specific role that the APF can play in furthering our

understanding of the compositions of small exoplanets.

6.2 The Automated Planet Finder

The Automated Planet Finder (APF) is a 2.4m telescope located at the Mt. Hamilton

station of UCO/Lick observatory. The telescope is coupled with the high resolution (Rmax ∼

150,000), prism cross-dispersed Levy echelle spectrograph, which sits at one of the telescope’s

two Nasmyth ports. A full description of the design and the individual components of the APF is

available in Vogt et al. (2014b). To support long-running surveys, we have developed a dynamic

scheduler capable of making real-time observing decisions and running the telescope without

human interaction. Through automation and optimization, we increase observing efficiency,

decrease operating costs and minimize the potential for human error (Burt et al., 2015, hereafter

B15).

The APF is capable of 1 m s−1 Doppler Velocity precision and has contributed to the

detection and characterization of 4 published planetary systems to date (Burt et al., 2014; Vogt

et al., 2014a; Fulton et al., 2015; Vogt et al., 2015). Roughly seventy percent of the telescope’s

observing time is specifically dedicated to the detection of extrasolar planets. This time is shared

evenly between two exoplanet research groups, one at UC Santa Cruz and one at UC Berkeley.

Time is allocated in whole night segments, with a schedule developed quarterly by the telescope

manager. Target lists and operational software are developed separately as the two exoplanet

groups are focused on different types of planet detection/follow up. For a description of the
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UC Berkeley planet detection efforts, see Fulton et al. (2015). The remaining 20% of telescope

time is split between privately funded groups and at-large use by the University of California

community. All UC users are allowed to request specific nights if it is beneficial to their science

goals (for example: to obtain RV values while a planet transits its star), and such requests are

taken into account by the telescope manager when setting the schedule.

6.3 Methodology

6.3.1 TESS Simulation & APF target selection

We make use of an updated version of the TESS planet detection simulation presented

in Sullivan et al. (2015), hereafter S15. The most important difference from the original S15

catalog is that in this version of the simulation, each planet detected around a star has its radius

and orbital period recorded. Most of the assumptions outlined in S15 still hold, including the

use of planet occurrence rates derived from the Kepler mission (Fressin et al., 2013) and a

galactic model from TRILEGAL (Girardi et al., 2005) that is modified towards the M dwarfs

to match eclipsing binary radii and Interferometric radii. This simulation includes no stars with

Te f f >15,000K and no transits with depth >0.1. It employs the same SNR threshold as outlined

in S15 (detection modeled as a step function with threshold SNR set at 7.3 to correspond to

one false positive in the postage stamps). The simulation also notes which planets are transiting

their star, and (out of those planets that do transit) which ones are detected by TESS.

We employ a planet population from a single realization of the updated S15 code .

Usually, this is a piece of software that’s meant to calculate how many transits TESS will detect
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for a given pointing. As such we skip tiles towards the galactic plane, because the star density is

too large there for TESS pixels to resolve transits. The total yield numbers have changed slightly

from the S15 results with “as-built” PSFs from Lincoln Labs now being used in the photometry

model (which lowered the yield), and a bug-fix from S15 in postage stamp assignment (which

raised the yield). The overall yield picture remains about the same – in this catalog (which is

postage-stamp only), about 1670 planets are detected (Figure 6.2).

As in the original S15 TESS simulations, this new version allows the simulation to

assign more than one planet to a given star with independent probability. The only exceptions

are that (1) the periods of adjacent planetary orbits to have ratios of at least 1.2, and (2) planets

around a star with a binary companion cannot have orbital periods that are within a factor of 5

of the binary orbital period. The result is that 53% of the transiting systems around FGK stars

and 55% of those around M stars are multiple-planet systems.

TESS’s short observing lifetime, combined with the fact that transit probability of

a planet scales inversely with its semi-major axis, makes it is unlikely that the mission will

observe transit events from longer period, Jovian planets that orbit TESS target stars. Such

planets, however, could be readily detectable by follow-up RV surveys thanks to their large

masses. Our own Jupiter, for example, produces a ∼10 m s−1 signal on the sun. To address the

existence of such planets, we adopt the true Jupiter analog occurrence rate from Rowan et al.

(2016) and insert Jupiter analogs into 3% of the stars in the TESS simulation catalog. Following

the definitions presented in Rowan et al. (2016), these analogs have periods between 5 and 15

years, and have masses between 0.3 and 3 MJup. We draw the characteristics of our Jovian

planets from a uniform distribution between the end points in each case, and pick the systems
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Figure 6.2: A: Effective temperature vs. apparent V magnitude for the stars in the TESS sim-
ulation. B: Orbital period vs. planetary radius for all planets in the TESS simulation, whether
or not they were detected by TESS. C: Effective temperature vs. apparent V magnitude for the
stars included in our APF RV follow up program (V <12, Te f f <6000K, and Dec >-15). D: Or-
bital period vs. planetary radius for planets orbiting stars meeting our selection criteria for the
APF, whether or not they were detected by TESS, plus the true Jupiter analogs we add around
3% of the simulation stars.
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that these giant planets are inserted into at random. Following the procedure of S15, we put

these planetary additions on circular orbits around their host stars in the plane of the transiting

planets.

From the resulting catalog, we cull the stars that are :

• physically visible to the APF (dec>-15)

• bright enough for the APF to perform well (V<12)

• likely F/G/K/M dwarfs (Te f f < 6000K)

which results in 204 planets orbiting 141 different stars that will be targeted by the

APF in our observing simulation (Figure 6.2).

6.3.2 Assigning stellar noise

Stellar jitter is one of the key sources of noise in radial velocity work, and under-

standing its effects is important for long term RV surveys (Lovis et al., 2011). We use the work

of Isaacson and Fischer (2010a) (hereafter I10) to generate a jitter value for each of the simu-

lated TESS stars in our survey, based on the stars’ B −V color. I10 finds that the jitter depends

strongly on the color, and gives a relation for a four different color bins. In each color bin, the

authors fit the jitter as a function of activity as measured by the S index. This activity index

uses a differential measurement, ∆S, measured from the baseline level for quietest stars in each

color bin. For our sample, we pick a median activity level for each star based on the color. In

effect, we assign a jitter value to each star based on its B −V color. This value is used as a seed

for a random deviate. These values are then used as an additional piece of the error budget for
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each velocity measurement simulated by the APF.

6.3.3 Calculating planetary masses

The updated S15 simulations provide planet radii for the generated TESS population.

To simulate RV follow-up of these planets, we need a way to map these radii to masses. We use

the probabilistic M-R relation of Wolfgang et al. (2015) (hereafter WRF16) for this purpose, as

it captures the astrophysical range of densities that is emerging in the observations. In particular,

we use the version of the M-R relation that was fit to planets between 1 and 8 R⊕ (the parameters

of that relation are given in the 6th line of WRF16’s Table 1), extrapolate this relation up to

9 R⊕, and use a lognormal distribution with µ(log(M/MJup)) = 0.046 and σ(log(M/MJup)) =

0.392 for the masses of planets > 9 R⊕. This last distribution was fit via a standard maximum

likelihood method to the mass distribution of all Jupiters that appeared in the Exoplanet Orbit

Database (Han et al., 2014) as of December 3, 2015; it therefore assumes the observed period-

marginalized Jupiter mass distribution is complete and unbiased.

This M-R relation serves two purposes in our simulations (see Figure 6.3 for the

resulting mass distributions). First, we need to assign “true" masses (Mtrue) to the planets in the

generated TESS population in order to simulate the actual RV signal that APF would observe.

To do this, we needed an M-R relation that could account for both the observed astrophysical

variation in planet masses at a given radius and the uncertainty in this relation due to our data-

starved, pre-TESS understanding of the underlying M-R distribution. The relation derived by

WRF16 allows us to do both: its probabilistic nature accounts for the first concern, and its

Bayesian formulation facilitates the second. In particular, we marginalize over the posteriors of
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Figure 6.3: Histogram of the true and estimated mass values for each of the TESS simulation
planets orbiting the culled TESS simulation stars. This excludes the true Jupiter analogs we add
to the simulation, because we only have true masses for them, and no estimated masses.
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the M-R relation parameters while generating each planet’s Mtrue in order to include the data-

driven uncertainty in the relation (see the discussion about the posterior predictive distribution

in Section 6.1 of WRF16 for more details).

However, having Mtrue in-hand for these planets does not accurately represent what

information we will have as we initiate RV follow-up of TESS planets. At that point we will

not know Mtrue — indeed, measuring it is the entire point of the follow-up effort — yet we need

an estimate of it in order to calculate what precision the APF would need to reach to measure

it well. This in turn determines the prioritization of specific TESS planets each night based

on the exposure times needed to meet the required precision (see Section 5.1). Since consis-

tently high-priority planets will end up populating the observed M-R distribution and therefore

constrain the inferences we make about the true underlying distribution, this estimated mass

(Mest) plays an important role in our simulations. In the absence of any other information at

the start of RV follow-up, the most likely mass value from WRF16’s probabilistic M-R relation

provides a good mass estimate. This is simply the “mean" relation that they report, so that

Mest = 1.6R1.8. Note that we will not know of the existence of the true Jupiter analogs before

taking RV measurements, so there is no need for an estimated mass for them.

Because the astrophysical scatter in the probabilistic M-R relation is 2.9 M⊕, the

average difference between Mtrue for a given planet, which contains this dispersion, and Mest

for that same planet, which is just the mean M-R relation and thus does not, is 2.9 M⊕. This

difference between the true and estimated masses, which we would expect in real life, drives

an evolution in the target prioritization scheme as more and more data are obtained and the

mass measurement converges on Mtrue. This effect is described in Section 5.2 and is one of the
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observing selection effects that is uniquely captured by our simulations.

6.3.4 Setting desired RV precisions

The desired RV precision is then set by taking the planets that are marked as being

detected by TESS in the simulation (the planets we would know about when setting up the

APF’s observing strategy), and dividing their RV amplitudes (K) in half. We calculate the

RV semi-amplitude it imparts on its host star using Kepler’s 3rd law (6.3.4) where Mest is the

estimated mass of the planet.

K =
(

2πG
P

)1/3( Mest

Mstar + Mest

)2/3

(6.1)

For each star we take the lowest K value out of the detected planet subset and compare

it to the APF’s precision floor of ∼1.0 m s−1 (B15), setting the desired precision equal to the

larger of the two values (Figure 6.4). There are some stars where only one planet is detected by

TESS, and its predicted and/or true K value is less than 1 m s−1, making it unlikely that we will

detect that planet’s signature in RV data. We still include these targets, however, because planet

multiplicity studies (Tremaine and Dong, 2012; Fabrycky et al., 2014, e.g.) have shown that it

is likely other planets (with potentially higher Ks) will exist in the system and could be detected

by the APF even if they were not flagged in the original TESS data.
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Figure 6.4: Histogram of the half-K values and resulting desired precision values set for each
of the culled TESS simulation stars. These values are obtained by calculating the K values of
all planets detected by TESS in the simulation and then taking the smallest semi-amplitude in
each system and dividing it in half. For those stars whose result is <1 m s−1, we instead set the
desired precision level to 1 m s−1 so as not to come up against the noise floor of the APF.
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6.4 Creating time-dependent observing priorities

When using RV observations to verify the Keplerian nature of a planetary signature or

determine the mass of a planet, the most efficient observing method is to observe the star during

its quadrature phases (when the true anomaly of the planet = ±90 degrees and the amplitude of

the RV induced by the orbiting planet is at a maximum). In traditional RV surveys (e.g. Vogt

et al., 2014b; Butler, 2016), every target star is assigned an observing priority (generally a num-

ber from 1-10) that signifies how scientifically interesting that star is, and acts as a weighting

factor when deciding what stars to observe during the night. Static observing priorities, how-

ever, weight the star with the same level of observing desirableness no matter where it is in its

RV phase curve. This is a sensible approach when running an RV survey without prior knowl-

edge of the planets orbiting a star, as any observation could provide crucial insights to the star’s

(potentially planet-induced) movement. But now, in the era of large photometric surveys such

as K2 or TESS that provide detailed periods and radii of hundreds of planet candidate targets,

we can update our RV observation strategy to ensure that it optimizes the information content

of each RV exposure.

6.4.1 Phase bins

The instantaneous radial velocity for a given planet at time t is given by Equation

6.4.1, where f is the true anomaly, ω is the argument of periastron, K is the RV semi-amplitude

(as defined in Equation 6.3.4), and e is the planet’s eccentricity.

Vmod(t) = K
[
cos( f +ω) + ecos(ω)

]
(6.2)
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When performing follow-up observations for missions like TESS, the RV phase curve

of the planet can be calculated from the time of transit. This allows us to create RV phase "bins"

that track where the planet is in its orbit around the star. We define five bins across the folded

phase curve of a planet, two of which are centered at the planet’s quadrature points and three

more which center on the zero-crossing points (Figure 6.5).

For the case of a single planet orbiting the star, the phase bin definition is straightfor-

ward. Things get slightly more complicated, however, when the star has two or more planetary

companions. In the simple case where we disregard planet-planet interactions, the total instan-

taneous RV of a star being orbited by N planets is then composed of a linear combination of

the RV signals of each planet at the given time (Eqn 6.4.1, where R is the noise factor). In this

case, we select the shortest period planet and use its period and phase location as the basis for

determining which phase bin the star falls into (Figure 6.5).

Vstar(t) =
N∑

i=1

Vmod,i(t) + R(t) (6.3)

6.4.2 Determining the stars’ current priority values

Stars currently in the light blue, quadrature sections (bins 1 and 3) are assigned higher

priority than those in the zero-crossing section (bins 0, 2 and 4). The priorities are further

weighted by comparing the number of observations that a star has in each of its phase bins and
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Figure 6.5: Top panel: Schematic RV phase curve of a two planet system orbiting the star,
comprised of a massive long period planet and a smaller, shorter period planet. Bottom panel: In
a multi-planet scenario, the prioritization system starts by folding on the shorter period planet’s
phase curve and defining the phase bins. The blue bins are centered on the quadrature points
of the selected planet’s orbit with light blue area encompassing the whole bin, and the darker
region highlighting the +1 value add to priority a star gets for being right at the quadrature point.
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determining which bins are "saturated", having ≥ 10 observations. We choose N=10 obser-

vations as the cutoff point in order to reduce the error on the average velocity (which scales

inversely with
√

N − 1) by a factor of 3. Thus when using the APF (which itself contributes an

uncertainty of∼ 1.5 m s−1) to observe a star with a planetary signal of∼2 m s−1 and an assumed

jitter value of 1.5 m s−1, obtaining N=10 observations would give an error on the mean of the

velocity of :

√
σ2

jit +σ2
inst +σ2

ph√
N − 1

= 0.78 (6.4)

The prioritization values, working on a 1-10 scale, get assigned as follows:

• If the star is currently in a quadrature bin, and that bin is not saturated, priority = 10

• If the star is currently in an un-saturated, non-quadrature bin, and both quadrature bins

are already saturated, priority = 8

• If the star is currently in an un-saturated, non-quadrature bin, and one quadrature bins are

already saturated, priority = 5

• If the star is currently in a quadrature bin, and that bin is already saturated, priority = 3

• If all of the star’s bins are saturated, priority = 2

• If the star is currently in a saturated, non-quadrature bin, priority = 1

After the initial assignment of priorities, we specify three additional "value-added"

criteria. If the star has a planet candidate with radius, R <2 R⊕ or if the star has a planet with

period, P >30 days or if the planet on which the scheduler is basing its phase bins is currently
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within 5% of the actual quadrature point, then we add +1 to the star’s priority. This emphasizes

our scientific interest in the planets that are the most likely to have rocky cores, allows us to

better sample the the overall system architecture of stars with short period, inner planets and

helps to obtain down a more accurate measurement of the planet’s mass by sampling close to

the RV quadrature inflection point.

This logic allows for the insertion of stars that have not been previously observed by

missions like TESS, and thus do not have accurate RV phase information readily available. RV

standard stars for example, which we use to monitor the continued performance of the APF,

can be inserted into the observing database with static priorities of 9 or 7 depending on how

often we want them to be observed. Stars from legacy RV surveys can be added in with static

priorities if their possible planetary systems are not yet well defined, or with phase information

of a suspected planet to make sure its viability is assessed in an efficient manner.

In multi-planet cases where the phase bins of the shorter planet all become saturated,

we then select the planet with the second shortest orbit and begin folding on that period instead,

redefining the phase bins. Because we store the JDs of all observations taken for each star,

the existing observations can then be resorted into the five new phase bins so that the priority

algorithm doesn’t see this new period fold as starting from scratch.

6.5 Simulated APF observing

The values calculated for each star described in the sections above (true mass, esti-

mated mass, and desired RV precision) are combined with parameters pulled directly (Vmag,
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planetary radii) or derived (RA, Dec, B-V color) from our TESS simulation and placed in a

new observing database for the telescope (B15). We add additional columns for the star names

(TESSAPF1, TESSAPF2, etc), the planetary period on which to base the phase bins of each

star, the initial phase of the selected planet at a specified JD zero point, and the number of ob-

servations in each of the five phase bins. This database is read in by the observing software

at the beginning of each simulated night and guides the software’s decision making process

throughout the evening as it chooses what star to observe at a given time.

6.5.1 Simulating the observations

In normal operations, the APF selects its next target by picking the star with the high-

est priority that can be observed in a reasonable amount of time. We have written a simulator

that replicates this. The details of the actual observing process, and the relations we used to

compute exposure times, are described in B15. We will simply sketch out the core steps here.

For a given star, we compute the desired total exposure time needed meet the required precision.

The inputs for the exposure time calculation include the star’s magnitude and color, but also the

seeing and transparency, based on measurements from the previous observation. We then use

these values to estimate the exposure time for the next observation. Because we want to ensure

a certain quality of signal, the total exposure time is almost always an overestimate. We use the

exposure meter to set the actual end of an exposure.

At the beginning, the simulator selects a random distribution of seeing and trans-

parency values modeled using the history from the past three years of APF operations. The

transparency is modeled as mulitplicative factor on the exposure time, so is inversely propora-
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tional to the photon arrival rate. Each night uses a different mean and variance to draw random

deviates from. The mean and variance of both the seeing and transparency are correlated as

found in the historical data. Therefore, we have “good” nights, where the seeing and trans-

parency are both drawn from small means with small variances, “ok” nights where the seeing

or transparency is small but the other is large, and “bad” nights where the seeing is large, and

the transparency can be so bad that the telescope never opens. For each observation, we draw

one of the seeing and transparency pairs from the parent distributions to compute the actual

photon arrival rate for a simulated observation. These random deviates are used to compute the

exposure time for the next observation, and then we draw a new pair for the next observation

to compute the photon arrival rate for the simulated observation. Included in this process is our

empirical model for the seeing as a function of elevation.

For each observation, we record the total number of photons simulated to land in the

exposure meter and in the iodine region of the spectrum, using the relations from B15. We

compute the mean from those relations and then draw a random deviate using the scatter listed.

The number of counts in the iodine region gives an estimate of the expected precision, from

Equation 1 or Figure 5 of B15. Once again, we use that as a mean and use the measured scatter

(also from Figure 5 of B15) to compute the actual precision for the simulated observation. For

each measurement we compute a total error. This adds in quadrature the precision value, the

expected jitter for the star (see §6.3.2), and the baseline instrumental noise we found in B15.

This combination yields the total error estimate.

At the end of each exposure, the simulator appends the mid-point JD and the total

uncertainty (stellar jitter and telescope effects) from the exposure onto a velocity file for that
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particular star. We combine the true mass values for all planets in the system (whether or not

they were originally detected by TESS) with the JD of the exposure’s midpoint and the planets;

initial phases at the JD zero point to calculate the star’s total, instantaneous radial velocity value.

We then add the noise factor for the observation and add the resulting RV value into the velocity

file, which can then be opened up in the publicly available Systemic console (Meschiari et al.,

2009a) in order to determine the planetary masses.

The simulator starts a night at -9 degree twilight, and selects a B star off of a list. This

observation is used for accounting purposes, and to set the first pair of seeing and transparency

values for a given night. Each observation is ended after either the exposure meter hits the

threshold or the total exposure time requested is reached. We include CCD readout for each

exposure and slew times for each observation. The process continues until the sun rises at the

end of the night.

The scheduling of the nights is random. The APF telescope is used for a number of

programs by a variety of institutions, some of which require specific cadence or even specific

nights. To simulate this, for the TESS follow up we assumed that 33% of the year was available

but that the time between nights would range from one to three days, and exclude the winter

break shutdown.

6.5.2 Fitting simulated RV data

We use an automated fitting process based on the publicly available Systemic console

(Meschiari et al., 2009a) to estimate the K and mass values for each of the transiting planets

detected by TESS. The data are first binned, as is the case with real radial velocity data, though
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instead of using the common 2hr binning scheme, we instead group velocities within a width of

no more than 10% of a planet’s orbital period.

The list of binned velocity values is then loaded into Systemic and all values known

from the transit observation (such as the period, and the mean anomaly at periastron) are entered

into the system fit and then frozen so that the fitting algorithm can not alter them. We freeze

the orbital eccentricity and the dataset zero-point parameters to 0, to help ensure orbit stability.

To provide the fitting algorithm with a sensible first guess, we use the M-R relation described

in §6.3.3 to determine a starting value for the planetary mass(es). Once all of the parameters

are entered for each suspected planet, we then perform a single minimization using the Simplex

algorithm. To estimate the standard deviation of the best fitting K values, we implement 500

iterations of bootstraping error estimation on the binned data and its resulting fit from Systemic.

6.5.3 Making changes to the observing database

As our simulated observing program progresses through multiple months of time on

sky and we learn more about the planets orbiting the target stars, it is important to allow for an

evolution of the database that informs the dynamic scheduler’s selection process. These changes

will enable us to address three main effects. The first is the offset between the true and estimated

masses of the TESS simulation planets (see Section 3.3). As described in Section 6.3.4, we use

the estimated masses of the planets to set a desired precision RV level, but the actual RV values

that are calculated for each simulated observation are based on the planets’ true masses. The

second is the presence of additional planets in the system that were not detected by TESS in the

simulation, but are again included in the RV calculation process. The third effect is the change
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of focus between planets in a system that occurs after the first planet has been sufficiently well

fit.

To address these, we implement an“assessment" phase after every 6 months of simu-

lated observing during which we review the Keplerian fits derived in §6.5.2 and assign observ-

ing priority offsets to each star before simulating the next season of observing. These offsets

are added to the priority value calculated for each star in §6.4.2 and are used to help focus our

observing time on the systems that would benefit the most from additional observations. Every

star with at least 4 binned RV values has each of its planets classified as either "publish", "mon-

itor", or "drop" based on the number of binned velocities that fall into each of its quadrature

bins, NQBin1 and NQBin2, and the ratio between the planet’s semi-amplitude, K, and the errors

on that semi-amplitude, σK , which are determined using a bootstrap approach.

• If (K / σK) > 5: The planet is listed as “publish”

• If 1.5 < (K / σK) < 5 OR NQBin1 < 10 OR NQBin2 < 10: The planet is listed as “monitor”

• If (K / σK) < 1.5 AND NQBin1 > 10 AND NQBin2 > 10: The planet is listed as “drop”

For each planet, we record the K and σK values from its fit, the number of binned

velocities in each of the observing phase bins described in §6.4.1 and the planet’s assessment

classification. After every planet has been individually evaluated, we then assess each plane-

tary system as a whole in order to determine whether the host star should be marked as ready

for publication, needing further observations or unsuitable for further observation. We begin

by looking for evidence of non-transiting and/or long period planets that weren’t detected by

TESS by examining the residuals to the star’s Systemic fit and their resulting periodogram. Any
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stars whose residuals show evidence of a significant peak in their periodogram (defined as a

FAP < 1%) or that contain a notable linear trend (defined as the RMS of the linear fit to the

planet’s residuals being greater than twice the desired precision for the star listed in the observ-

ing database) are flagged as “needing review”, and added to a list for us to check on before

starting the next round of simulations. After examining these flagged fits by eye, we either a)

add an RV offset to the fit parameters, which will account for the influence of a massive, long

period companion over a relatively short observing span; b) add a new entry to our list of sus-

pected planets, with the period and mass values suggested by the periodogram; or c) decide that

the periodogram/linear fit is not convincing and do nothing. For the stars where we add either

an offset or a new suspected planet to the system, we then refit the data using Systemic and put

the resulting planetary fits through the “publish”/“monitor”/“drop” assessment again.

For stars where all of the planets are set to “publish", we add the star to a list of po-

tential publications, and then set the priority offset to -5. This helps to ensure that the telescope

will observe other systems, whose planets are not yet as well characterized, in the next observ-

ing season before adding more points to a star that we already have a firm grasp on. It doesn’t

eliminate the star from consideration though, so we will continue to get occasional data points

which are necessary for detecting longer-period companions. For stars where all of the planets

are set to “monitor”, we set the priority offset to 0 so that the star continues to be observed

normally throughout the next season. For stars where all of the planets were tagged as “drop”

cases, where we do not believe that further observations will actually contribute anything to our

understanding of the system, we set the priority offset to -10.

For stars that have more than one planet where at least one of the planets has been

189



marked as publishable, we first add the star to the list of potential publications. Then, if any of

the other planets in system are listed as “monitor”, we change the fold period in the observing

database to the shortest period of that planet subset. This places an emphasis on observing

at times when the second (or third, or fourth) planet is at its quadrature positions, helping to

efficiently fill in our knowledge of the whole system. After the fold period is changed, we set

the star’s priority offset to 0 and move to the next target. For stars that instead have a mixture of

“publish” and “drop” planets, we set the priority offset to -5 to give other, less well understood

systems a chance to rise to the top of the observing selection process.

For stars that have multiple planets with a mixture of “drop” and “monitor” statuses,

we start by checking whether the planet with the lowest expected semi-amplitude (which sets

the desired precision in the observing database) has been marked as “drop”. If so, we set the

new desired precision to be the minimum of the K values from the fitted planets that are labeled

as “monitor” of 1 m s−1 whichever is larger. If the planet on which the database is phase folding

has instead been marked as “drop”, then we selected the shortest period planet in the system

that has a “monitor” status and change the observing database’s fold period to match that planet.

We then set the priority offset to 0 so that the star will continue accumulating useful data points.

A visualization of the decision tree described here can be found in Appendix A.

6.6 Results

The final dataset spans 36 months of simulated observing during which we obtained

365 nights of telescope time (3660 hours of open shutter time) on 86 different stars. Of the 91
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planets orbiting these stars, we achieve 3σ mass measurements for 65 of them, and 5σ or higher

mass measurements for 50 (Figure 6.6).
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Figure 6.6: Mass measurements after 36 months of observing on the APF. When fitting for
just the mass, 65 planets attain 3σ mass measurements and 50 planets attain 5σ or higher
measurements.

In reviewing the data, it is clear that the scheduler is able to consistently target stars

that are in/near their quadrature positions and then use the resulting RV data points to efficiently

determine the planet’s mass. In cases where the star is faint and the planet’s signal is close to

the APF’s 1 m s−1 precision level, however, our data is not sufficient to extract a believable mass

estimate even with a large number of binned velocities (Figure 6.7).

To establish context for the data points that TESS and the APF can add to the M-R

diagram, we first create a current version using data from the Exoplanet Archive (Akeson et al.,

2013). After selecting those points that have both mass and radii measurements, along with

error bars on both values, we end up with 81 planets with radii, R < 4R⊕ and masses, M <

20M⊕(Figure 6.8). There are only 9 planets whose total mass uncertainty is less than 25% of

their measured mass, 19 whose total mass uncertainty is between 25-50% of their total mass,

and 25 planets with total mass uncertainties ranging from 50-100%. An additional 28 planets
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have mass uncertainties > 100% of their measured mass. The composition lines plotted on top

of the M-R diagram are taken from Lopez et al. (2012), except for the “max iron” line which

represents the maximum iron fraction produced by collisional stripping according to Marcus

et al. (2010).

6.6.1 Updated M-R diagrams

We generate a new M-R diagram after each year of simulated APF observations,

to visualize the contributions that the telescope can make. The number of 3σ and 5σ mass

measurements increases from 36 to 56 to 65 and 24 to 42 to 50, respectively.

6.6.2 Comparison to actual planet masses

One of the most interesting checks, that cannot be performed in real life, is to see how

our measured masses compare to the planets’ true masses generated in §6.3.3. Figre 6.10 shows

the scatter of our measured masses compared to the planet’s true masses around a 1:1 line.

Overall the residuals to the 1:1 line have a median value of 1.8%, with an RMS of

31% and a median absolute deviation (MAD) of 16%. We find that the lower end of the data

(for planets with true masses less than the median true mass of 9.4M⊕) produces slightly worse

measurements than the higher end, with the RMS values for these two sections being 38% and

22%, respectively. As expected, the higher mass systems with their larger semi-amplitudes are

easier to measure accurately.
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6.6.3 Detecting long period companions

Of the five stars that had Jupiter analogs inserted into their planetary systems in §6.3,

three of them are observed during our 36 month simulation. The other two stars were skipped by

the scheduler, likely due to the fact that both stars are faint (V magnitudes of 11.09 and 11.97)

and located at relatively low declinations (δ of 23nd 15. This combination precludes the stars

from spending the time needed at low airmass to obtain observations at the desired precision

listed in the observing database.

The three stars with Jupiter analogs that did get observed were all tagged by the

assessment algorithm as needing human review due to the large offsets in their RV values. Two

of the systems displayed a linear trend in their RV data, implying the presence of a massive, long

period companion. Without observing one of the quadrature transitions for the planet, however,

we are unable to place limits on its mass or period. These stars were added to the list of systems

that should continue to be monitored at every assessment phase.

The Jupiter analog in the third system did pass through quadrature during our 3 years

of simulations (Figure 6.11), allowing us to compute a mass and period estimate for it, in addi-

tion to the fit we derive for the 16d planet that TESS detected in this system (Table 6.1). Our fit

to the Jupiter analog’s mass is correct to within 0.6%, however the period estimate is off from

the true period of 3366 days by 4%. With further monitoring, the period would like be more

closely constrained, which would help us to achieve a better mass estimate for the short-period

super-Earth, whose measured mass in this fit differs from the true mass of 12.08 M⊕ by 26%.
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Parameter Planet b Planet c
Period [days] 16.49 3505 ± 314
Mass [M jup] 0.028 ± 0.005 1.66 ± 0.03

Mean anomaly [deg] 238.84 312 ± 49
Eccentricity 0 0

Longitude of pericenter [deg] 0 167 ± 54
Semiamplitude [m/s] 2.2 ± 0.4 21.6 ± 0.6

Semi-major axis [AU] 0.1285461 ± 0.0000002 4.6 ± 0.3
Periastron passage time [JD] 2458351.56 2455465 ± 605

Stellar mass [Msun] 1.04
RMS [m/s] 1.93

Stellar jitter [m/s] 1.48
Epoch [JD] 2458362.50
Data points 26

Span of observations [JD] 2458492.00 - 2459313.82

Table 6.1: Fit parameters for the two planets orbiting TESSAPF54

6.7 Discussion

The results presented in the above pages are the first assessments of the impact that

the APF can have in the post-TESS era of exoplanet science. After 36 months of simulated

observations, during which we attained roughly a year (356 nights) of data, our survey produced

65 3σ and 50 5+σ planetary mass estimates for planets originally detected by the TESS mission.

It is immediately clear that the telescope can provide a valuable set of mass measurements for

planets with masses, M >4M⊕, many of which will fall in the 1-4R⊕ range of the diagram where

the M-R relation is not yet well understood. Indeed, we increase the number of planets with

5+σ mass measurements in the M < 30 M⊕and R <4 R⊕ region of the M-R diagram from 15 to

80, a 400% boost.

With its ability to perform consistent, high cadence observations over a number of

years, the APF is sensitive both to low-mass short period planets and to massive, outer com-
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panion planets like our own Jupiter. This ability to probe both regions of a planetary system is

crucial for developing a clear picture of the overall system architecture and for constraining our

theories on planet formation.

One of the shortcomings of the methodology described in this work is the lack of

detections of the non-transiting planets orbiting the target stars that we know are there and

contributing to the RV data thanks to the TESS simulation. Of the 27 non-transiting companions

with semi-amplitudes, K >1.5 we recover only 1-2. This suggests that the conventional RV

approach of aiming first and foremost for a planet’s quadrature points when trying to measure

its mass may in fact hide the existence of additional Keplerian signatures. Additionally, when

observing only at the quadrature phases, we lost the ability to try and discern the exoplanets’

eccentricities, which have measurable effects for translating from semi-amplitudes to actual

mass values. Studies into optimizing RV survey strategies have suggested that observing almost

exactly off quadrature, when the planets RV phase curve exhibits the steepest slope, may make

for a better planet detection approach (Ford, 2008; Loredo et al., 2011).

One of the largest takeaways from this work will be the ability to test and evolve

our observation strategy for TESS followup over the next year before the satellite launches.

Having now developed our second generation dynamic scheduler and the simulation software

necessary to implement long-term survey simulations, we can determine the effects of different

prioritization schemes (e.g. focusing on the steepest sections of a planet’s phase curve instead

of the quadrature points) or different survey approaches (e.g. focusing on one small group of

stars at a time and observing them multiple times per night to beat down the RV noise levels) on

the mass estimates we are able to generate. By looking at the planets that the telescope is able to
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detect/characterize we can also attempt to identify if there is a systematic bias produced by our

selection function and prioritization scheme, and determine what steps can be used to quantify

and/or negate that bias. And by inserting different mass-radius relations in the beginning of the

process, when we first calculate our true and estimated masses, we can investigate whether or

not a facility like the APF can enable us to discern the difference in the underlying relationship

between the two parameters based on the mass measurements it produces.

On a broader scale, this simulator can help to improve general RV survey planning

and data assessment. In the current approach to RV science, target selection, data acquisition,

and science results on the detected planet demographics are all tightly tied together and hugely

influential on one another. By implementing a consistent and well defined algorithmic process

for each of these steps and restricting that feedback loop, we can look into whether a non-human

biased survey can gain a better understanding of nature’s underlying distributions and therefore

the physics that shapes these planets. In particular, experiments looking at how changing the

prioritization scheme or target selection process part way through the survey affects the M-R

diagram and the resulting M-R relation inference, or how using an incorrect assumption for

what the target selection was can affect the M-R relation inference could shed much needed

light on the best ways to move forward with RV followup efforts across many telescopes, not

just the APF.

In short, the results of this project, at the time of the thesis writing process, are exciting

and promising - both for the APF’s immediate effectiveness at TESS-based followup efforts, and

for the potential improvements that careful, longer term analysis of our results and methodology

might provide to the radial velocity field as a whole.
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Figure 6.7: Two fits to planetary systems at the end of our observing simulation. Blue points are
the binned RV data, while the black curve is the fit to the data from Systemic and the light blue
span around the curve denotes the 1σ range. The scheduler’s prioritization of the quadrature
bins is clear in both examples, and while the focus helps to determine the mass of TESSAPF82
to within 0.7% of its true mass (top), it is not sufficient to produce a credible estimate of the
mass for TESSAPF8 (bottom).
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Figure 6.8: Example of the current state of exoplanet mass-radius diagrams. The data was
obtained from the exoplanet archive on April 11, 2016 and the composition curves come from
Lopez et al. (2012) except for the “max iron” curve which is taken from Marcus et al. (2010).
Planets colors represent their fractional mass uncertainties, with blue being <25%, while those
with mass uncertainties from 25-50% of their measured mass are shown in teal, 50-100% are
pink, 100-300% are green and those with uncertainties > 300% are yellow.
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Year-by-year observing results

Figure 6.9: Updates of the APF’s contributions to the M-R diagram after one (top left), two
(top right) and three (bottom left) years of TESS followup observing. Open circles represent
3 σ detections and filled circles represent 5+ σ detections. The bottom right plot shows the
evolution of the M-R diagram over time, using the same color scheme as the rest of the figure.
Both the shrinking of our mass measurement error bars and the increase in the number of 3 and
5 σ observations are visible.
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Figure 6.10: Measured masses from our simulated observations and the resulting planet fit
models compared to the planets’ true masses, which are used to generate the RV data. The
scatter is smaller for low mass planets (M <the median true mass value, shown in purple),
which we attribute to the combination of our non-varying stellar noise approach and the higher
number of observations that these planets get due to their prioritization in the scheduler for
having small radii.
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Figure 6.11: Planetary fits and the resulting residuals (top and bottom, respectively) for TES-
SAPF54. The large offset in the RV residuals to the one planet fit (left) show a large offset,
suggesting the presence of a massive, long period companion. After the inclusion of a 1.66
MJup planet on a 3505 day orbit (right) the residuals become much more normally distributed
about 0 m s−1.
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Chapter 7

Future Directions

Two decades of work have proven that low-mass exoplanets are common. Planets

with R < 3R⊕ are ubiquitous, with stars hosting 1.6 such worlds on average (Howard et al.,

2012; Petigura et al., 2013b; Cassan et al., 2012). The current exoplanet census occupies a

broad range of parameter space, and has consistently defied theoretical expectations. When one

looks at the mass-period distribution of the known exoplanets, three broad, but well separated,

groups are apparent, all of which lack solar System counterparts: (1) hot Jupiters with periods, P

< 10 days, (2) super-Earth/sub-Neptunes with orbits smaller than Mercury’s and (3) exo-Jupiters

with periods, P > 100 days.

This menagerie raises urgent questions regarding solar system formation. Where and

how do hot Jupiters form: in situ, or beyond the snow line followed by inwards migration,

either dynamic or quiescent? What are the super-Earths in short-period orbits made of: rocky

cores with substantial, irradiated, atmospheres or more exotic water worlds? And how does

the activity of the host star affect the detection thresholds and characterization precision of the
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orbiting planets?

With a host of new questions to answer, exoplanetary science is shifting from detec-

tion to characterization. To successfully affect this change, we must develop a nuanced under-

standing not just of the planets and planetary systems themselves, but also of the host stars’

stellar activity.

7.0.1 Measuring exoplanet densities and locating difficult to detect planets

Kepler, its successes notwithstanding, has demonstrated several reasons why transit

photometry alone is insufficient to fulfill the exoplanet characterization charge. The planet-

multiplicity findings from the mission make it clear that most planet-hosting stars have more

than one planet in orbit (Rowe et al., 2014). Such systems are likely to have members that do not

transit at all due to orbital inclination, or that do not transit during the lifetime of a spacecraft.

These limitations point to a significant population of planets, varying widely in size and compo-

sition, that are completely invisible to the transit detection method (Figure 7.1). These unseen

companions, however, can have large effects on the overall structure of the planetary system.

For example, the presence of exo-Jupiters is predicted to be anti-correlated with the presence

of tightly-packed super-Earth inner systems (Batygin and Laughlin, 2015b), and mean-motion

resonance crossings of exo-Jupiters are expected to influence the formation of terrestrial planets

with semi-major axes, a < 2AU (Lykawka and Ito, 2013). Therefore, to guide our theoretical un-

derstanding of planet formation and evolution, it is important that we detect all of the planetary

members of these extrasolar systems so that they can be properly compared with theory.

Transit photometry provides planetary radii and orbital distances, but only rarely gives
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Figure 7.1: Left: The regions of parameter space among already confirmed exoplanets that
would be unreachable by K2 (in blue: 423 stars) and TESS (in red: 268 stars) due to their
relatively short mission lifetimes, but that are fully accessible to the APF. Right: The degeneracy
between planet mass and radius, making it clear that there is no direct way to go from one
parameter to the other (figure from Lissauer et al. (2014)). RV’s ability to directly measure
masses and find long period systems that K2 and TESS cannot, makes it a perfect complement
to transit photometry.

direct information on planetary masses. This especially plagues the search for Earth-like plan-

ets, as combining Kepler data with ground-based observations shows a strong mass-radius de-

generacy for the exceedingly common, low-mass planets in the 1-4R⊕ range (see, e.g., the

Rogers (2015) paper titled “Most 1.6 R⊕ planets are not rocky”). Planets in this range form a

class wholly alien to our own Solar System, and demonstrate that Earth-sized planets need not

have Earth-like compositions. Thus, while we can use transits to determine the sizes of planets,

without mass measurements we have no handle on compositions (Figure 7.1).

Combining transit detections with Doppler follow-up observations on ground-based

telescopes like the APF solves both of these issues. The RV-determined lower limit to planetary

mass estimates (M sin i ) can be turned into an absolute mass value by obtaining the planet’s

orbital inclination from transit observations. An absolute mass and a radius give a bulk density,
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which then points towards the likely composition of an exoplanet (Figure 2b). Additionally, RV

detections are substantially unaffected by orbital geometry, so a vast-aggregate of non-transiting

planets are visible to RV facilities. Unlike transit observations, which detect planets during their

fleeting inferior conjunctions, RV observations permit the planetary signal to build in the data

over time. Thus, the signals of long-period planets, like our own Jupiter and Saturn, become

apparent over only a quarter of their orbital periods - the time necessary to see an inflection in

the RV curve. RV telescopes, which have much longer lifetimes, and much lower costs than

transit satellites, present our best chance of determining the full architecture of exoplanetary

systems and the compositions of those planets that do transit.

RV observations require bright stars, at least 1-2 orders of magnitude brighter than

the typical Kepler target, which is why only a small number of stars have been studied using

both methods (see §6.1). Kepler’s second phase mission, known as K2, is already addressing

this lack of overlap, observing bright stars in at least ten campaign fields across the sky through

2016. And NASA’s next transit photometry mission, the Transiting Exoplanet Survey Satellite

(TESS), will improve things even further - observing the closest and brightest stars across the

night sky for evidence of transiting planets. Unlike the original Kepler mission, there is no

exclusive use period for the K2 and TESS data, which creates the opportunity for immediate

RV follow-up.
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7.1 K2 follow up efforts

Each of K2’s 10 planned campaign pointings lasts approximately 80 days, and seven

of the ten approved fields are in regions of the sky easily accessible by the APF. The mission’s

operations team estimates 10,000-20,000 targets per campaign, all collected with 30-min ca-

dence. Based on Kepler statistics and the expected photometric performance, K2 is predicted

to detect ∼50 planet candidates per year with orbital periods, P < 8 days and radii, R < 2R⊕

(Howell et al., 2014).

Work is already underway within the UCSC APF team to identify K2 planetary sys-

tems candidates that are well-suited to RV follow-up. We have obtained the public data from

K2 campaigns 0 and 4-6, visible to the APF, and we are removing the systematic low-frequency

variations that permeate the photometry due to K2’s decreased pointing ability. We have applied

a Box-fitting Least Squares algorithm to identify transit-like signals in the de-trended data and

are culling the candidates so obtained. Because the Kepler reduction pipeline is being repur-

posed to handle K2’s photometry analyses, the data products from K2 will look exceedingly

similar to the original Kepler light curves. The same photometry pipeline will be modified to

reduce future TESS data, so our work on the K2 target stars will serve as an excellent testbed

for developing planetary transit detection software compatible with TESS in the remaining year

leading up to the satellite’s launch.

With the results of our newly operational pipeline in hand, we have selected poten-

tial planet-hosting stars best suited for APF follow-up, namely bright (V <13), G/K/M dwarfs

located in the Northern part of the sky. We are currently using the APF’s first generation dy-
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namic scheduler to obtain I2 cell observations of the most promising candidates, and will soon

be upgrading to the new scheduler described in Chapter 6, which will match these targets with

precision requirements (based on the semi-amplitude calculated from their K2 radii estimates

and the probabilistic mass-radius relations of Wolfgang and Lopez (2015)) and cadence require-

ments designed to efficiently fill out the phase curves of any transiting planets. Our observing

cadences will be shift-tuned to minimize the build-up of aliases that can masquerade as addi-

tional planets, or block signals due to real, non-transiting companions.

7.1.1 Expected Results & Applications

7.1.1.1 K2 planet characterization project

The APF will provide RV confirmation and planetary masses for the most interesting

K2 transiting planets - those that have at least 2-3 transits during the duration of photometric

observations. The short periods of these planets mean that even those with R < 2 R⊕ will have

RV semi-amplitude values, K & 1 m s−1 , levels easily detectable by the APF in stars with well

characterized noise properties. Even planets with RV signals below 1 m s−1, whose presence

would be hard to validate with APF data alone, are potentially extractable because the transit

data will allow us to confirm their signals in the RV periodogram. For bright stars, this would

increase the APF’s sensitivity to well below the 1 m s−1 level cited in Vogt et al. (2014b), and

based on Doppler monitoring alone.

Identifying transiting planet candidates in the K2 data is a relatively simple endeavor,

thanks to the high quality of systematic-corrected and publicly available light curve data. Raw

K2 photometry is contaminated by systematic effects related to the drift of the spacecraft from
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solar radiation pressure. Every 6 hours, thrusters are fired to correct the position. Because a

target star’s position drifts across the CCD pixels, which vary in sensitivity, the spacecraft’s

motion manifests itself as a 6 hour period “saw-tooth” shape in the light curves. Fortunately,

several research groups have developed techniques to account for this. For example, Vanderburg

and Johnson (2014) monitor the positions of the target centroids and remove the dependence of

the flux on the centroid position. These corrected light curves are publicly available as K2SFF

high level science products (HLSP) on the Mikulski Archive for Space Telescopes (MAST).

We downloaded these light curves for the K2 fields of interest. We then removed low frequency

variability from the time series using the kepflatten routine in the publicly available PyKE Kepler

data reduction software (Still and Barclay, 2012).

Once the light curves were flattened, they were ready to be searched for transit signals.

We used the Box-Least-Squares (BLS) algorithm to search for transit-like events. The algorithm

phase-folds the light curve for a range of periods and, at each period, attempts to fit a box of

a variable width and depth to the folded light curve. It produces a BLS periodogram, which

quantifies the strength of the fit as a function of the period. After producing the periodograms

for all targets, we considered all peaks for which the periodogram power was greater than 6

standard deviations above the median. Furthermore, the box depth and the ratio of the box

width to the period provide a constraint on the search space given the observed range of these

parameters for the collection of confirmed transiting planets. We phase-folded the light curves at

the significant peaks with physically plausible box depths and durations and visually examined

the resulting light curves. False positives like eclipsing binaries are usually easy to filter out

given their “V-shaped” transits and the presence of significant secondary eclipses.
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Figure 7.2: Transit signature of the inflated hot Jupiter EPIC212110888b as detected in the K2
data using our transit search pipeline.

The first K2 APF target observations are already underway. An example of photo-

metric light curve for one of our first-round targets, a hot Jupiter (HJ) in orbit around an F8V

star designated K2APF2, is shown in Figure 7.2. The planet was detected in the K2 photometry

by both our APF team, and a team based at Harvard leading to a collaborative effort on the APF

and the TRES spectrograph on the Tillinghast telescope at Mt. Hopkins (Figure 7.3). The planet

was published by another team (Lillo-Box et al., 2016) before our write up was complete, but

still serves as an excellent proof of concept for the APF’s ability to perform a competitive K2

follow-up survey. The APF velocities do seem to give a higher semi-amplitude than the TRES

velocities, and the combined best-fit is 221 ± 40 m s−1 which is in agreement with Lillo-Box

et al. (2016) which claims 209 m s−1.
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Figure 7.3: The RV data obtained by our team on the APF and the Harvard team using the
TRES spectrograph on the Tillinghast telescope.
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7.1.1.2 The search for Hot Jupiter progenitors project

Falling well within the APF’s detection capabilities is the population of super-Earth

planets on 1-10 day orbits suggested as progenitors for the in situ formation of hot Jupiters.

This theory (presented recently in work such as that by Batygin and Laughlin (2015a) and

Boley et al. (2015)) suggests that 10-15M⊕ planets located at ∼0.05 AU can undergo runaway

accretion, resulting in the formation of HJs and negating the need for Jovian planets to migrate

inward from beyond the snow line (thereby disrupting their smaller, terrestrial companions).

Assessing the validity of this claim can be done via a variety of observational efforts, which can

be accomplished with a combination of K2 and APF data. A key first project is to determine

the masses of the upper envelope of the super-Earth population and see if they predominantly

match the M < 20M⊕ cores that are expected to be sub-critical for HJ formation.

Secondly, because the planet-metallicity relation for HJs has been thoroughly doc-

umented (Fischer and Valenti, 2005b; Sousa et al., 2011b, e.g.), and only the most massive

super-Earths are expected to become HJs, a substantial, positive, mass-metallicity correlation

should exist among most super-Earths with periods, P < 10 days. To test for this relationship

we will use the high resolution (R ∼ 150,000) template spectra that we acquire for every star

in our RV surveys to determine heavy element abundances. This work will go beyond first

order [Fe/H] values, using instead an updated, automated version of the LTE spectral analysis

code MOOG to determine individual element abundances via equivalent widths (Magrini et al.,

2014).

The quantification of these individual abundances enables a third check on the inward
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migration theory. If the population of short-period, high-mass super-Earths that the APF can

detect and characterize form according to the conventional inward migration paradigm, then

the most massive super Earths will have formed from disks that were preferentially abundant in

oxygen, and by extension, silicon (Robinson et al., 2006). If they are forming in situ, however,

the iron abundance will be quite substantial, because hot Jupiters require metal rich disks to

form, and roughly equal to the silicate concentration. Therefore, if in situ formation is respon-

sible for the HJs, we expect to see high metallicity values, but not a favoring of oxygen/silicon

over iron in the host stars.

7.2 Using TESS and the APF to Find Targets for JWST

Using the transit search software that we prototype on K2 observations and the time-

varying prioritization scheme described in the previous section, we will launch an RV follow-

up campaign for the transiting planets detected by TESS. As previously mentioned, TESS will

survey the entire Northern sky in one-month strips, focusing on the closest and brightest stars.

Simulations of the TESS planet yield, predict over 100 planets transiting stars brighter than V

= 12 and with declinations visible to the APF (Sullivan et al., 2015). The short periods of these

planets mean that even those with R < 2 R⊕could have RV semi-amplitudes, K & 1 m s−1 ,

signals detectable by the APF in stars with well-characterized noise properties.

The next large advance in exoplanet characterization will be the James Webb Space

Telescope (JWST) which is designed (in part) to study the atmospheres of exoplanets via trans-

mission spectroscopy and to search for the building blocks of alien life. Observing time on
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this next-generation flagship mission will be severely limited, however, and the short timeline

between the TESS and JWST launches (∼1 year) creates an immediate need to characterize

as many TESS systems as possible within the limited time span and then identify those stars

worth observing with JWST. Because of TESS’s anti-Sun orientation, the stars observed in each

month’s strip of the sky will move behind the sun (making them unavailable for ground-based

follow up) only 4 months after TESS observes them. This means that to gain the highest impact

data, RV follow up must happen immediately after the light curves are processed so as not to be

put on hold until the next observing season, some 9-10 months later which would thwart JWST

target selection efforts. We have designed the APF’s new version of the dynamic scheduler to

support exactly this kind of rapidly evolving observing plan by allowing flexible, immediate

adjustments to the telescope’s nightly target selection process.

JWST’s CVZ is smaller than TESS’s, expanding just 10◦ from the North Ecliptic Pole.

However, there are still orders of magnitude more stars in the CVZ than JWST can observe

for exoplanet science during its nominal 5 year mission. Down-selecting from thousands of

targets to a mere handful of the most interesting stars will require high-cadence, high-precision

RV follow-up on a sizable number of stellar targets. By providing weekly, high-precision RV

observations of the most interesting stars in the CVZ, along with stellar activity levels and

individual elemental abundances, we will develop a much needed resource for the selection of

the best targets for JWST - stars with low levels of jitter and flicker, that have confirmed planets

with precision mass estimates.

212



Bibliography

Akeson, R. L.; Chen, X.; Ciardi, D.; Crane, M.; Good, J.; Harbut, M.; Jackson, E.; Kane, S. R.;

Laity, A. C.; Leifer, S.; Lynn, M.; McElroy, D. L.; Papin, M.; Plavchan, P.; Ramírez, S. V.;

Rey, R.; von Braun, K.; Wittman, M.; Abajian, M.; Ali, B.; Beichman, C.; Beekley, A.;

Berriman, G. B.; Berukoff, S.; Bryden, G.; Chan, B.; Groom, S.; Lau, C.; Payne, A. N.;

Regelson, M.; Saucedo, M.; Schmitz, M.; Stauffer, J.; Wyatt, P. and Zhang, A. The NASA

Exoplanet Archive: Data and Tools for Exoplanet Research. PASP 125, 989 (2013).

Allende Prieto, C.; Barklem, P. S.; Lambert, D. L. and Cunha, K. S4N: A spectroscopic survey

of stars in the solar neighborhood. The Nearest 15 pc. A&A 420, 183 (2004).

Ammons, S. M.; Robinson, S. E.; Strader, J.; Laughlin, G.; Fischer, D. and Wolf, A. The N2K

Consortium. IV. New Temperatures and Metallicities for More than 100,000 FGK Dwarfs.

ApJ 638, 1004 (2006).

Anglada-Escudé, G.; Arriagada, P.; Tuomi, M.; Zechmeister, M.; Jenkins, J. S.; Ofir, A.; Drei-

zler, S.; Gerlach, E.; Marvin, C. J.; Reiners, A.; Jeffers, S. V.; Butler, R. P.; Vogt, S. S.;

Amado, P. J.; Rodríguez-López, C.; Berdiñas, Z. M.; Morin, J.; Crane, J. D.; Shectman,

S. A.; Thompson, I. B.; Díaz, M.; Rivera, E.; Sarmiento, L. F. and Jones, H. R. A. Two

213



planets around Kapteyn’s star: a cold and a temperate super-Earth orbiting the nearest halo

red dwarf. MNRAS 443, L89 (2014).

Anglada-Escudé, G.; Arriagada, P.; Vogt, S. S.; Rivera, E. J.; Butler, R. P.; Crane, J. D.; Shect-

man, S. A.; Thompson, I. B.; Minniti, D.; Haghighipour, N.; Carter, B. D.; Tinney, C. G.;

Wittenmyer, R. A.; Bailey, J. A.; O’Toole, S. J.; Jones, H. R. A. and Jenkins, J. S. A Planetary

System around the nearby M Dwarf GJ 667C with At Least One Super-Earth in Its Habitable

Zone. ApJ 751, L16 (2012).

Balan, S. T. and Lahav, O. EXOFIT: orbital parameters of extrasolar planets from radial veloc-

ities. MNRAS 394, 1936 (2009).

Baluev, R. V. Distinguishing between a true period and its alias, and other tasks of model

discrimination. MNRAS 422, 2372 (2012).

Baraffe, I.; Chabrier, G.; Allard, F. and Hauschildt, P. H. Evolutionary models for solar metal-

licity low-mass stars: mass-magnitude relationships and color-magnitude diagrams. A&A

337, 403 (1998).

Batalha, N. M.; Rowe, J. F.; Bryson, S. T.; Barclay, T.; Burke, C. J.; Caldwell, D. A.; Chris-

tiansen, J. L.; Mullally, F.; Thompson, S. E.; Brown, T. M.; Dupree, A. K.; Fabrycky, D. C.;

Ford, E. B.; Fortney, J. J.; Gilliland, R. L.; Isaacson, H.; Latham, D. W.; Marcy, G. W.;

Quinn, S. N.; Ragozzine, D.; Shporer, A.; Borucki, W. J.; Ciardi, D. R.; Gautier, III, T. N.;

Haas, M. R.; Jenkins, J. M.; Koch, D. G.; Lissauer, J. J.; Rapin, W.; Basri, G. S.; Boss, A. P.;

Buchhave, L. A.; Carter, J. A.; Charbonneau, D.; Christensen-Dalsgaard, J.; Clarke, B. D.;

214



Cochran, W. D.; Demory, B.-O.; Desert, J.-M.; Devore, E.; Doyle, L. R.; Esquerdo, G. A.;

Everett, M.; Fressin, F.; Geary, J. C.; Girouard, F. R.; Gould, A.; Hall, J. R.; Holman, M. J.;

Howard, A. W.; Howell, S. B.; Ibrahim, K. A.; Kinemuchi, K.; Kjeldsen, H.; Klaus, T. C.;

Li, J.; Lucas, P. W.; Meibom, S.; Morris, R. L.; Prša, A.; Quintana, E.; Sanderfer, D. T.;

Sasselov, D.; Seader, S. E.; Smith, J. C.; Steffen, J. H.; Still, M.; Stumpe, M. C.; Tarter,

J. C.; Tenenbaum, P.; Torres, G.; Twicken, J. D.; Uddin, K.; Van Cleve, J.; Walkowicz, L. and

Welsh, W. F. Planetary Candidates Observed by Kepler. III. Analysis of the First 16 Months

of Data. ApJS 204, 24 (2013a).

Batalha, N. M.; Rowe, J. F.; Bryson, S. T.; Barclay, T.; Burke, C. J.; Caldwell, D. A.; Chris-

tiansen, J. L.; Mullally, F.; Thompson, S. E.; Brown, T. M.; Dupree, A. K.; Fabrycky, D. C.;

Ford, E. B.; Fortney, J. J.; Gilliland, R. L.; Isaacson, H.; Latham, D. W.; Marcy, G. W.;

Quinn, S. N.; Ragozzine, D.; Shporer, A.; Borucki, W. J.; Ciardi, D. R.; Gautier, III, T. N.;

Haas, M. R.; Jenkins, J. M.; Koch, D. G.; Lissauer, J. J.; Rapin, W.; Basri, G. S.; Boss, A. P.;

Buchhave, L. A.; Carter, J. A.; Charbonneau, D.; Christensen-Dalsgaard, J.; Clarke, B. D.;

Cochran, W. D.; Demory, B.-O.; Desert, J.-M.; Devore, E.; Doyle, L. R.; Esquerdo, G. A.;

Everett, M.; Fressin, F.; Geary, J. C.; Girouard, F. R.; Gould, A.; Hall, J. R.; Holman, M. J.;

Howard, A. W.; Howell, S. B.; Ibrahim, K. A.; Kinemuchi, K.; Kjeldsen, H.; Klaus, T. C.;

Li, J.; Lucas, P. W.; Meibom, S.; Morris, R. L.; Prša, A.; Quintana, E.; Sanderfer, D. T.;

Sasselov, D.; Seader, S. E.; Smith, J. C.; Steffen, J. H.; Still, M.; Stumpe, M. C.; Tarter,

J. C.; Tenenbaum, P.; Torres, G.; Twicken, J. D.; Uddin, K.; Van Cleve, J.; Walkowicz, L. and

Welsh, W. F. Planetary Candidates Observed by Kepler. III. Analysis of the First 16 Months

215



of Data. ApJS 204, 24 (2013b).

Batygin, K. and Laughlin, G. Jupiter’s decisive role in the inner Solar System’s early evolution.

Proceedings of the National Academy of Science 112, 4214 (2015a).

Batygin, K. and Laughlin, G. Jupiter’s decisive role in the inner Solar System’s early evolution.

Proceedings of the National Academy of Science 112, 4214 (2015b).

Batygin, K. and Morbidelli, A. Dissipative Divergence of Resonant Orbits. AJ 145, 1 (2013).

Beal, T. NASA needs Kitt Peak telescope for exoplanet duty (2014). Online; accessed 2015-

02-09.

Beers, T. C.; Flynn, K. and Gebhardt, K. Measures of location and scale for velocities in clusters

of galaxies - A robust approach. Astronomical Journal 100, 32 (1990).

Bertin, E. and Arnouts, S. SExtractor: Software for source extraction. Astronomy and Astro-

physics 117, 393 (1996).

Boisse, I.; Bonfils, X. and Santos, N. C. SOAP. A tool for the fast computation of photometry

and radial velocity induced by stellar spots. A&A 545, A109 (2012).

Boley, A. C.; Morris, M. A. and Ford, E. B. The In Situ Formation of Systems with Tightly-

packed Inner Planets. In American Astronomical Society Meeting Abstracts (2015), vol. 225

of American Astronomical Society Meeting Abstracts, p. 257.22.

Bonfils, X.; Mayor, M.; Delfosse, X.; Forveille, T.; Gillon, M.; Perrier, C.; Udry, S.; Bouchy,

F.; Lovis, C.; Pepe, F.; Queloz, D.; Santos, N. C. and Bertaux, J.-L. The HARPS search for

216



southern extra-solar planets. X. A msin(i) = 11 Earth mass planet around the nearby spotted

M dwarf GJ 674. A&A 474, 293 (2007).

Bouchy, F.; Pepe, F. and Queloz, D. Fundamental photon noise limit to radial velocity mea-

surements. Astronomy & Astrophysics 374, 733 (2001).

Boyajian, T. S.; von Braun, K.; van Belle, G.; McAlister, H. A.; ten Brummelaar, T. A.; Kane,

S. R.; Muirhead, P. S.; Jones, J.; White, R.; Schaefer, G.; Ciardi, D.; Henry, T.; López-

Morales, M.; Ridgway, S.; Gies, D.; Jao, W.-C.; Rojas-Ayala, B.; Parks, J. R.; Sturmann,

L.; Sturmann, J.; Turner, N. H.; Farrington, C.; Goldfinger, P. J. and Berger, D. H. Stellar

Diameters and Temperatures. II. Main-sequence K- and M-stars. ApJ 757, 112 (2012).

Burt, J.; Holden, B.; Hanson, R.; Laughlin, G.; Vogt, S. S.; Butler, R. P.; Keiser, S. and Deich,

W. The capabilities and performance of the Automated Planet Finder Telescope with the

implementation of a dynamic scheduler. Journal of Astronomical Telescopes, Instruments,

and Systems (2015).

Burt, J.; Vogt, S. S.; Butler, R. P.; Hanson, R.; Meschiari, S.; Rivera, E. J.; Henry, G. W. and

Laughlin, G. The Lick-Carnegie Exoplanet Survey: Gliese 687 - A Neptune-mass Planet

Orbiting a Nearby Red Dwarf. The Astrophysical Journal 789, 114 (2014).

Butler, R. P. The HIRES/Keck Precision Radial Velocity Exoplanet Survey (in prep). Astro-

physical Journal (2016).

Butler, R. P.; Marcy, G. W.; Fischer, D. A.; Brown, T. M.; Contos, A. R.; Korzennik, S. G.;

Nisenson, P. and Noyes, R. W. Evidence for Multiple Companions to Upsilon Andromedae.

217



ApJ 526, 916 (1999).

Butler, R. P.; Marcy, G. W.; Williams, E.; McCarthy, C.; Dosanjh, P. and Vogt, S. S. Attaining

Doppler Precision of 3 m s−1. Publications of the ASP 108, 500 (1996a).

Butler, R. P.; Marcy, G. W.; Williams, E.; McCarthy, C.; Dosanjh, P. and Vogt, S. S. Attaining

Doppler Precision of 3 M s-1. PASP 108, 500 (1996b).

Butler, R. P.; Marcy, G. W.; Williams, E.; McCarthy, C.; Dosanjh, P. and Vogt, S. S. Attaining

Doppler Precision of 3 M s-1. PASP 108, 500 (1996c).

Butler, R. P.; Vogt, S. S.; Marcy, G. W.; Fischer, D. A.; Wright, J. T.; Henry, G. W.; Laughlin,

G. and Lissauer, J. J. A Neptune-Mass Planet Orbiting the Nearby M Dwarf GJ 436. ApJ

617, 580 (2004).

Cassan, A.; Kubas, D.; Beaulieu, J.-P.; Dominik, M.; Horne, K.; Greenhill, J.; Wambsganss,

J.; Menzies, J.; Williams, A.; Jørgensen, U. G.; Udalski, A.; Bennett, D. P.; Albrow, M. D.;

Batista, V.; Brillant, S.; Caldwell, J. A. R.; Cole, A.; Coutures, C.; Cook, K. H.; Dieters, S.;

Prester, D. D.; Donatowicz, J.; Fouqué, P.; Hill, K.; Kains, N.; Kane, S.; Marquette, J.-B.;

Martin, R.; Pollard, K. R.; Sahu, K. C.; Vinter, C.; Warren, D.; Watson, B.; Zub, M.; Sumi,
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