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EXOPLANETS IN OPEN CLUSTERS AND BINARIES:
NEW CONSTRAINTS ON PLANETARY MIGRATION

SAMUEL NOAH QUINN

Under the Direction of Russel J. White

ABSTRACT

In this dissertation, we present three complementary studies of the processes that drive plan-
etary migration. The first is a radial-velocity survey in search of giant planets in adolescent
(< 1Gyr) open clusters. While several different mechanisms may act to drive giant planets
inward, only some mechanisms will excite high eccentricities while doing so. Measuring the
eccentricities of young hot Jupiters in these clusters (at a time before the orbits have had a
chance to circularize due to tidal friction with their host stars) will allow us to identify which
mechanisms are most important. Through this survey, we detect the first 3 hot Jupiters in
open clusters (and at least 4 long-period planets), and we measure the occurrence rate of hot

Jupiters in clusters to be similar to that of the field (~1%). We determine via analyses of hot



Jupiter eccentricities and outer companions in these systems that high eccentricity migra-
tion mechanisms (those requiring the presence of a third body) are important for migration.
The second project, an adaptive optics imaging survey for stellar companions to known hot
Jupiter hosts, aims to determine the role that stellar companions in particular play in giant
planet migration. Through a preliminary analysis, we derive a lower limit on the binary fre-
quency of 45% (greater than that of the typical field star), and we find that the presence of
a companion is correlated with misalignment of the spin-orbit angle of the planetary system,
as would be expected for stellar Kozai-Lidov migration: at least 74% of misaligned systems
reside in binaries. We thus conclude that among high eccentricity migration mechanisms,
those requiring a stellar companion play a significant role. Finally, we describe simulations
of measurements of the planet population expected to be discovered by TESS, and use these
to demonstrate that a strong constraint on the obliquity distribution of small planets can be
derived using only TESS photometry, Gaia astrometry, and v sin ¢, measurements of the host
stars. This obliquity distribution will be a key piece of evidence to help detemine the likely
formation and migration histories of small planets, and can contribute to the assessment of

the potential for Earth-like planets to harbor life.

INDEX WORDS: planets and satellites: detection, planets and satellites: dynamical
evolution and stability, planets and satellites: formation, planet-star
interactions, open clusters, binaries: close
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CHAPTER 1
INTRODUCTION & MOTIVATION

For many years, our theories of planet formation were informed largely by the only planetary
system of which we knew—our own Solar System. When the first exoplanets (planets orbit-
ing stars other than the Sun) were discovered more than two decades ago, their properties
immediately hinted at the diversity of planetary systems produced in nature. These early
discoveries—a very massive gas giant (HD 114762 b; Latham et al. 1989), planets orbiting
pulsars (PSR1257+12bc; Wolszezan & Frail 1992), and a Jupiter-sized planet that orbits
close to its star with a period of only 4.23days (51 Pegb; Mayor & Queloz 1995)—were
vastly different from the planets in the Solar System. Subsequent planet searches have fur-
ther revealed the diversity of planetary systems, including rich populations of short-period
super-Earths in multi-planet systems (e.g., Latham et al. 2011; Batalha et al. 2013), cir-
cumbinary planets (e.g., Doyle et al. 2011), closely spaced planets near orbital resonances
(e.g., Carter et al. 2012), planets orbiting giant stars (Jones et al. 2014), massive directly-
imaged planets on very wide orbits (e.g., Marois et al. 2008, 2010; Kuzuhara et al. 2013),
free-floating planets (e.g., Luhman 2014), and many more. While some of these planets are
compatible with existing formation theory, many require additional explanation. In this way,
our understanding of the planet formation process has become more complete as the field of
exoplanets has blossomed, often spurred along by having to explain previously unobserved
classes of planets.

One of the major realizations to emerge from the study of exoplanets was that planets



often migrate after formation. This became clear soon after the discovery of the first short
period giant planet (or “hot Jupiter”). Hot Jupiters occupy a region of orbital space (a <
0.1 AU) in which the protoplanetary disk has a low surface density and a temperature that
is too high for the survival of ices and volatiles (Boss 1998), which are critical for the
accretion of a massive core (Kennedy & Kenyon 2008). These planets are therefore presumed
to have formed beyond the ice line (located at several AU for a Sun-like star; Martin &
Livio 2013) and subsequently migrated inward. While the existence of hot Jupiters was
not a complete surprise (see, for example, the brief but prescient discussion of transiting
hot Jupiters by Struve 1952), only after their discovery was significant effort dedicated to
explaining the mechanism by which they migrate. Possible mechanisms include “Type II”
migration (through a gas disk; Lin & Papaloizou 1986), planet-planet scattering (Rasio &
Ford 1996), Kozai-Lidov cycles (Kozai 1962; Lidov 1962; Fabrycky & Tremaine 2007) and the
eccentric Kozai-Lidov effect (Naoz 2016), or secular chaos (Wu & Lithwick 2011). Type II
migration operates when a giant planet clears a gap in the protoplanetary disk and migrates
inward on the viscous diffusion timescale of the disk. Planet-planet scattering occurs when,
as the name implies, two planets experience a close approach and gravitationally scatter,
sending one planet toward the host star on a highly eccentric orbit with pericenter close
enough to the star to cause the orbit to tidally decay and circularize. Kozai-Lidov cycles
describe the process of periodic exchange of eccentricity and inclination of the orbit due to
interaction with a distant, massive, inclined companion (a star or planet). Similar to planet-

planet scattering, when the inner planet reaches a high eccentricity with a small pericenter



distance, the orbit shrinks and circularizes via tidal friction. Secular chaos can occur in
multiple planet systems, causing a gradual increase in the eccentricity of the inner planet as
the sytem drifts toward equipartition of angular momentum deficit. As in other mechanisms,
the highly eccentric planet circularizes via tides. These can therefore be broadly classified
into two categories: gentle Type II disk migration, which is generally expected to preserve
low-eccentricity orbits; and processes involving additional massive bodies, which are expected
to excite high eccentricities (and inclinations) before tidal interaction with the host star at
periastron passage shrinks and circularizes the orbit. Consequently, the latter processes are
often collectively referred to as high eccentricity migration (HEM).

Understanding the orbital evolution of giant planets is important for planetary systems
more generally, as the orbits of giant planets can strongly sculpt the architectures of smaller
planets. In our own Solar System, Jupiter accounts for about 71% of the planetary mass
and about 60% of the total angular momentum. Had Jupiter migrated inward to the Sun, it
surely would have disrupted the terrestrial planets, and our Solar System would have been
unlikely to host a habitable planet. It is also prudent to bear in mind that the importance of
giant planet migration for terrestrial planets goes beyond catastrophic scattering events, and
may represent a relatively common influence in the final properties of terrestrial planets. It
has been suggested based on simulations of the early Solar System that Jupiter did migrate
inward briefly — sculpting the population of small bodies in the inner Solar System and
dictating the subsequent growth of the terrestrial planets — before retreating to its current

position (the so-called “Grand Tack” model; Walsh et al. 2011). Even modest migration of



giant planets (or lack thereof) can therefore drastically affect the properties of potentially
habitable worlds. Of course, giant planets need not migrate inward; the particular properties
of the planet and gas disk may result in outward migration or no migration at all. The
detailed characterization of giant planet migration can thus be used to help us understand
the likely properties of potentially habitable terrestrial worlds. This is particularly relevant
as the next generation of planet searches begins to discover them in greater numbers.

There are many ways in which one might attempt to characterize the importance of
migration mechanisms. While Type Il and HEM predict different properties for newly es-
tablished hot Jupiters, we expect many of these differences to be erased over time by tidal
interaction with the host stars. Initially eccentric orbits produced via HEM will circular-
ize for short period planets, and initially inclined orbits may realign with the stellar spin.
Therefore, one way to evaluate migration mechanisms is to compare the properties of young
hot Jupiters, before subsequent interactions obfuscate the original system properties. Un-
fortunately, searches for hot Jupiters orbiting the youngest stars (< 10-20 Myr) have been
inhibited by their rapid rotation and activity (Bailey et al. 2012; Crockett et al. 2012). Al-
though at least one promising candidate has been identified (PTFO 8-85961; van Eyken et al.
2012; Barnes et al. 2013), it was later shown to be a likely false positive (Yu et al. 2015).
As a result of these difficulties, most known planets are much too old to expect the initial
orbits to remain unchanged.

Instead, some authors have attempted to take large populations of older planets and

account for the expected effect of tidal interactions. Albrecht et al. (2012b), for example,



find that while most hot Jupiters orbiting cool stars are well-aligned with the stellar spin axis,
those orbiting hot stars possess a wide range of obliquities. The authors suggest that most
hot Jupiters initially occupy non-zero obliquities, but because of the short tidal timescale of
cool stars, those systems are able to re-align. This result would favor HEM as an important
mechanism for giant planet migration. On the other hand, Socrates et al. (2012) point out
that planets undergoing HEM should, for a time, possess extreme eccentricities, so one can
predict the number of such super-eccentric planets that should be detected. Dawson et al.
(2015) find that among the Kepler sample, there is a paucity of such systems, and they place
an upper limit of ~44% on the fraction of hot Jupiters formed via the star-planet Kozai
mechanism. They conclude that either planet-planet interactions or disk migration could be
responsible for the remaining systems. Other authors have demonstrated that simulations
can be used in a complementary manner to generate planetary systems via one particular
migration channel and compare the properties of such planets to observed populations. In
this way, Naoz et al. (2012) find that the Kozai mechanism can account for about 30% of
hot Jupiters. Thus far, we have considered only the properties of the planets themselves,
but it is important to note that planetary systems will not, in general, only consist of a
single star and and single planet; Type II and HEM differ not just in predicted properties
of a migrating planet, but also in the predicted architecture of the system as a whole. HEM
requires the presence of a massive outer body (be it a star or a planet), so the architectures
of hot Jupiter systems can also help constrain the mechanisms by which they migrate. For

example, in their survey for outer companions in hot Jupiter systems, Knutson et al. (2014)



and Ngo et al. (2015) find that 72% + 16% of hot Jupiters are part of multi-planet and/or
multi-star systems. However, while the stellar companion fraction is slightly larger than for
typical field stars, they find no correlation between the presence of stellar companions and
the misalignment of hot Jupiter orbits and are therefore unable to confidently ascribe hot
Jupiter migration to the Kozai mechanism. Larger samples may help this effort.

In this dissertation, I will describe three complementary projects aimed at constraining
planetary migration processes. The first, a radial-velocity survey for giant planets in nearby
open clusters, will take advantage of the young ages of these stars to characterize planetary
properties and system architectures that have not yet been affected significantly by post-
migration evolution. The properties of such planets can quantify the relative importance of
HEM and disk migration. The selection of targets and the survey design are discussed in
Chapters 2 and 3, and results and discussion are presented in Chapters 4 through 6. The
second, an adaptive optics imaging search for stellar companions to known hot Jupiter host
stars, will provide a census of system architectures in order to determine the importance of the
Kozai mechanism. This survey is described in Chapter 7. The third project is a simulation
that demonstrates a technique to characterize the obliquity distribution of planets discovered
by the upcoming NASA TESS mission. Many small planets are expected to be included in
this sample, so this latter project is not limited to giant planets. Building upon the legacy
of Kepler, which has enabled some of the first observational constraints on the formation
and migration histories of small planets, we move toward a more complete description of

planet formation and migration at all sizes. As larger populations of potentially habitable



Earth-like planets are discovered, this work can help assess their potential to harbor life.

This project is described in Chapter 8.



CHAPTER 2
SELECTION OF OPEN CLUSTERS AND THE STELLAR SAMPLE

2.1 The Observational Challenges Associated with a Precision RV Survey of
Open Cluster Stars

While a survey for planets in young open clusters may produce benchmark planetary sys-
tems and contribute important constraints to planetary migration theory, there are practical
challenges to observing young cluster stars that do not affect surveys of old field stars.
Understanding these limitations is important for designing a successful survey.

The first challenge of an open cluster survey is that the selection of nearby clusters is
limited. While traditional RV surveys have had access to thousands of bright, nearby stars,
open cluster stars will be, on average, much farther away and thus much fainter for a given
type of star. In practical terms, this type of survey will require larger or more efficient
telescopes, or more telescope time. Alternatively, it will limit the number of targets that can
be surveyed or will restrict observations to the brighter, more massive stars.

Also of note is that an open cluster subtends only a small angle on the sky, and all
members of a cluster will therefore only be observable for a (sometimes small) fraction of
a night at many times of the year. In contrast with field star surveys, for which at least
one target is almost always near the meridian and for which classical time allocations of
several consecutive days is well-suited to the survey, open cluster surveys may require more
flexibility in scheduling observations. A queue schedule, in which targets can be observed

throughout the year when visible and whenever a new observation is needed to improve the



phase coverage of an orbit, rather than in a single contiguous block of allocated time, would
be better suited for an open cluster survey.

Besides the practical considerations of telescope scheduling and time allocation, there
are serveral observational challenges to overcome, arising from the physical properties of
cluster stars. For example, because the stellar space density in open clusters is higher than
in the rest of the Solar neighborhood, we can expect an elevated incidence of close visual
companions. If the light from these companions enters the slit or fiber, the spectral lines of
these nearby stars can prevent the accurate derivation of precise RVs. Worse still, it might
not be immediately apparent that there is a second star present if the two stars have a
similar radial velocity and the lines are heavily blended. (This is expected to often be the
case for two cluster members, which will share the space motion of the cluster as a whole.)
To minimize this contamination, high-resolution imaging can be used to remove close visual
binaries from the sample.

Finally, the main reason young stars are typically excluded from planet surveys is that
youth is associated with rapid rotation and enhanced magnetic activity, which manifests as
a greater incidence of surface inhomogeneities like spots, plages and faculae. Rapid rotation
by itself adversely affects RV precision, as rotationally broadened spectral lines make the
identification of the line centers more difficult (see, e.g., Beatty & Gaudi 2015). More
importantly for active young stars, as the star rotates, the disappearance and reappearance
of surface features modulates the spectral line shapes, which results in an apparent shift

in the line centers (and thus the derived RVs). A rotating dark spot, for example, first
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blocks the blue-shifted limb of the star and then the red-shifted limb, periodically resulting
in apparent redshifts and blueshifts. In this way, a spot can be mistaken for an orbiting
planet (e.g., Queloz et al. 2001). While such a scenario can be identified through careful
analysis of the line shapes and stellar activity and/or follow-up observations, the efficacy of
such indicators will depend on instrument resolution and the quality and quantity of the
data. When the observational sampling is not good enough, or the measurements aren’t
precise enough, or the star has many active surface regions, or those regions are variable
on short timescales, a single periodicity may be hard to identify and the RVs will simply
exhibit a scatter beyond the expected measurement errors. This excess stellar “jitter” is
a hallmark of young stars, and effectively degrades measurement precision, making planet

detection much more difficult in such systems.

2.2 Selection of Optimal Clusters

Given the above considerations, we should aim to observe clusters that maximize our ex-
pected observational success and, ultimately, the planet yield. Our ideal clusters will there-
fore be nearby — we choose d < 200pc because beyond this distance, Solar-type stars
become too faint for modestly sized telescopes to survey in reasonable time allocations —
and will be well-studied by previous surveys to confirm cluster membership and establish
stellar properties (e.g., spectral type, multiplicity, and rotational velocity). They will also
be young (< 1 Gyr) so that planet discoveries can provide insight into the early evolution of

planetary systems, but not so young (< 100 Myr) that stellar jitter would be expected to be
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Figure 2.1 The metallicities of nearby open clusters plotted against their distance from
the Sun. Horizontal dashed lines indicate the expected enhancement of the giant planet
occurrence rate according to the relation derived by Fischer & Valenti (2005). Red circles
indicate clusters that pass our selection criteria of 100 < ¢ < 1000 Myr and d < 200 pe.

similar in magnitude to the orbital amplitudes of giant planets (many tens of ms™! or more;

e.g., Paulson & Yelda 2006); we refer to these as adolescent age clusters. Finally, there is
a well-documented correlation between stellar metallicity and giant planet occurrence (e.g.,
Fischer & Valenti 2005), so we should expect that clusters with high metallicities will host
more giant planets.

Figure 2.1 shows the clusters near the Sun plotted as a function of approximate distance
and metallicity. The best targets for our survey — nearby and metal-rich — reside towards
the top and the left of the plot. Among these, the clusters that also satisfy our age require-
ment (100 < ¢ < 1000 Myr) are Praesepe, the Hyades, Coma Berenices, the Pleiades, and

the Ursa Major moving group. We list basic properties of these clusters in Table 2.1, and
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describe them in the following sections. Members of these clusters will comprise the parent

sample from which we will select our final survey targets.

Table 2.1: Properties of Open Clusters

Cluster Distance!  Age  [Fe/H]

(bc) (Myr)  (dex)
Praesepe 182 580%*  40.19°
Hyades 46 625°  4+0.137
Coma Berenices 87  590*  —0.068
Ursa Major Moving Group <25 4505  —0.03°

Note — The source of each measurement is as follows:

(1) van Leeuwen (2009); (2) Delorme et al.

(2011):

(3) Perryman et al. (1998); (4) Collier Cameron et al.
(2009); (5) King et al. (2003), Jones et al. (2015); (6)
Quinn et al. (2012); (7) Paulson et al. (2003); (8) Boes-
gaard et al. (2003); (9) Ammler-von Eiff & Guenther

(2009)

2.3 The Stellar Sample

To select the target stars for our survey, we take advantage of previous photometric, spectro-

scopic and high spatial resolution imaging studies of these clusters, with the goal of observing

only bright, slowly rotating, bona fide cluster members without known binary companions.

We note that while our primary goal is to detect planets, our observations can contribute to

characterization of the stellar populations of the clusters surveyed, including their (projected)

rotations, activity levels, cluster membership, and binarity.

2.3.1 Praesepe Stars

Praesepe is a nearby (~182pc; ) open cluster with approximately 1000 identified probable

members (Kraus & Hillenbrand 2007), a well-determined age (~600 Myr; Hambly et al. 1995;
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Figure 2.2 Left: The CMD of Praesepe (red circles), Coma Berenices (green squares), Hyades
(blue triangles), and Ursa Major (violet diamonds) stars included in our survey. We plot
the apparent V magnitudes against the J — K colors (except for Ursa Major, for which we
plot My + 2, because its intrinsic distance spread causes large scatter in the color-apparent
magnitude sequence). We also show fainter Praesepe stars (red open circles) that we will
observe once as reconnaissance for a inclusion in a deeper survey. Right: Same as the left,
but this time with absolute magnitudes, calculated using the cluster distances given by van
Leeuwen (2009), and bolometric magnitudes in Ursa Major, as reported by Ammler-von Eiff
& Guenther (2009). In both plots, it is clear that the stellar populations being surveyed
are different in each cluster, due (at least) to our magnitude cutoff and the fact that most
Hyades stars have already been surveyed.

Kraus & Hillenbrand 2007; An et al. 2007; Gaspar et al. 2009; Delorme et al. 2011), and
significantly elevated metallicity ([Fe/H] = +0.27 £ 0.10 dex, Pace et al. 2008; [Fe/H] =
+0.11 £ 0.03, An et al. 2007). A metallicity as high as +0.27 dex would imply an increase
in giant planet frequency of a factor of nearly 4 relative to solar metallicity (out to orbital
periods of at least 4 years; Fischer & Valenti 2005).

In Praesepe, we drew our sample from the Kraus & Hillenbrand (2007) membership
list, for which membership probabilities were calculated on the basis of proper motions
and positions in an H-R diagram (for which stellar properties were derived via SED fits
to literature photometry). From this list, we excluded stars with close visual companions

(< 2”5) identified by Bouvier et al. (2001) and Patience et al. (2002), as well as spectroscopic
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binaries identified by Mermilliod et al. (2009). To enable precise RVs and practical telescope

time requests, we also rejected stars with V' > 12.3 (corresponding to a spectral type of about

KOV), or for which vsini, had previously been measured to be greater than 30 kms=*. We

did include stars without previously published v sin ¢, measurements that meet the rest of

our criteria, with the intention of obtaining an initial spectrum to assess their rotational

velocities before surveying them in earnest. These stars are shown (along with those from

other clusters) on a color-magnitude diagram (CMD) in Figure 2.2. In addition to these

stars, we obtained single spectra of low probability members to confirm their membership

status, as well as a number of fainter stars as reconnaissance for a potential expanded survey

of fainter Praesepe stars. A list of all of these stars is provided in Table

Table

2.2: Praesepe Target List

2.2.

Name

2MASS

RA

DEC

\

J

K

J-K

Proo09
Pr0014
Pr0017
Proo21
Pr0024
Pr0035
Pr0036
Proo44
Pr0o47
Proos51
Pro0o58
Pr0062
Pro0o65
Pr0076
Proo79
Proo81
Proo84
Pr0085
Pr0086
Pr0092
Pr0093
Pr0095
Pr0096
Pro098
Pr0100
Pro107
Pro115
Pr0119
Pr0120
Pr0121

J08282095+1950386
J08295363+-2226322
J08305546+1933197
J083121724-2202512
J08321507+41813425
J08332733+1634472
J08334227+2015094
J08345963+2105492
J08351780+1938101
J08355455+1808577
J08362782+4-1754535
J08364003+-2036352
J083645724-2007262
JO8371148+-1948132
J083718294-1941564
J083722224-2010373
J08372755+1937033
JO8372793+1933451
J08372819+4-1909443
J083746604-1926181
JO8374739+1906247
J08375208+1959138
J08375703+1914103
J083808084-2026223
J083814974-2034041
J083844474-1748294
J083905234-2007018
J08391096+-1810335
J083912174-1906561
J08392155+-2045293

127.0872753
127.4734465
127.7310989
127.8405106
128.0627989
128.3638533
128.4261095
128.7484456
128.8241927
128.9772945
129.1159018
129.1667853
129.1905118
129.2978586
129.3262100
129.3426148
129.3647953
129.3664192
129.3674812
129.4442086
129.4474662
129.4670286
129.4876409
129.5336853
129.5624077
129.6852898
129.7718056
129.7956974
129.8007274
129.8397889

+19.8440595
+22.4422948
+19.5554781
+22.0475856
+18.2284637
+16.5797945
+20.2526303
+21.0969970
+19.6361842
+18.1493570
+17.9148703
+20.6097964
+20.1239470
+19.8036784
+19.6989962
+20.1770150
+19.6175653
+19.5625448
+19.1623387
+19.4383384
+19.1068762
+19.9871773
+19.2362167
+20.4395417
+20.5678325
+17.8081956
+20.1171698
+18.1759906
+19.1156117
+20.7581381

10.60

9.90
10.55
10.54
11.10
10.70
10.52
11.20
11.83
10.89
10.96
11.86
11.65
11.29
11.44
11.40
11.65

9.30

9.54
10.65
12.28
11.26
11.84
11.72
11.45
12.00

9.41
10.30
10.14
11.86

9.780
8.939
9.725
9.557
9.975
9.120
9.428
10.012
10.497
9.757
9.720
10.492
10.340
10.075
10.175
10.187
10.252
8.717
8.657
9.591
10.666
10.079
10.470
10.358
10.106
10.519
8.603
9.307
9.555
10.476

9.427
8.781
9.369
9.231
9.663
8.819
9.079
9.684
10.012
9.445
9.405
10.077
9.938
9.686
9.802
9.803
9.806
8.464
8.400
9.276
10.202
9.689
10.038
9.932
9.717
10.144
8.413
8.994
9.258
10.026

0.353
0.158
0.356
0.326
0.312
0.301
0.349
0.328
0.485
0.312
0.315
0.415
0.402
0.389
0.373
0.384
0.446
0.253
0.257
0.315
0.464
0.390
0.432
0.426
0.389
0.375
0.190
0.313
0.297
0.450



Name

2MASS

RA

DEC

\%

J

K

J-K

Pr0123
Pr0125
Pr0126
Pr0128
Pr0133
Pr0135
Pr0136
Pr0138
Pr0143
Pr0147
Pr0149
Pr0157
Pr0160
Pr0162
Pr0163
Pr0164
Pr0165
Pr0168
Pr0169
Pro172
Pr0173
Pr0174
Pro177
Pr0179
Pr0185
Pr0194
Pr0201
Pr0202
Pr0203
Pr0206
Pr0208
Pr0210
Pro211
Pr0218
Pr0219
Pr0222
Pr0223
Pr0225
Pr0226
Pr0227
Pr0228
Pr0232
Pr0235
Pr0240
Pr0246
Pr0253
Pr0254
Pr0255
Pr0259
Pr0260
Pr0264
Pr0266
Pr0269
Pr0270
Pr0272
Pr0274
Pr0276
Pr0277

J08392498+-1927336
J08393042+2004087
J08393203+-2039203
J08393553+1852367
J083945754-1922011
J08394960+-1820506
J083950844-1933020
J08395506+-2003541
J08400171+1859595
J08400771+4-2103458
J08400968+-1937170
J084027434-1916409
J08403169+-1951010
J08403347+1938009
J08403357+2118547
J084033604-1840282
J08403623+4-2133421
J084039924-1940092
J084042484-1933576
J08404761+4-1854119
J084048324-1955189
J08405487+1956067
J08405669+1944052
J08405967+1822044
J084111054-2049579
J08413384+1958087
J084143824-2013368
J084145494-1916023
J08414776+4-1924439
J084151994-2010013
J08415587+41941229
J08415924+2055072
J08421149+4-1916373
J084221624-2010539
J08422269+-2007063
J08424021+4-1907590
J084240714-1932354
J08424250+-1905589
J084243724-1937234
J084244414-1934479
J084245254-1851362
J084302414-1910031
J08431076+-1931346
J084334634-1837199
J08441195+1754079
J084507354-2023418
J08451468+4-2059512
J084518014-1853254
J084527944-2139128
J08455330+4-2102172
J084633274-1845394
J08464732+4-1938410
J084714114-1623473
JO8473577+2155364
J084827834-1820439
J08490670+1941113
J084933894-2030290
J08495998+-1821541

129.8540892
129.8767565
129.8834998
129.8980833
129.9406333
129.9566474
129.9618124
129.9794315
130.0070948
130.0321136
130.0403403
130.1143324
130.1320256
130.1394353
130.1398648
130.1399977
130.1509724
130.1663271
130.1770000
130.1983974
130.2013406
130.2286315
130.2362133
130.2486506
130.2960492
130.3909550
130.4325668
130.4395512
130.4490295
130.4665939
130.4827900
130.4968368
130.5479103
130.5900524
130.5945174
130.6675468
130.6696609
130.6770753
130.6821545
130.6850574
130.6885192
130.7600692
130.7948495
130.8942965
131.0498500
131.2806292
131.3111474
131.3250368
131.3664265
131.4720792
131.6386477
131.6971824
131.8088403
131.8990642
132.1160080
132.2779539
132.3912518
132.4999321

+19.4593542
+20.0690534
+20.6556556
+18.8768762
+19.3669900
+18.3474267
+19.5505748
+20.0650248
+18.9998417
+21.0627298
+19.6214264
+19.2780381
+19.8502864
+19.6336014
+21.3151864
+18.6744903
+21.5617164
+19.6692203
+19.5660073
+18.9033164
+19.9219131
+19.9351737
+19.7347798
+18.3678745
+20.8327459
+19.9690864
+20.2268700
+19.2672912
+19.4121820
+20.1669759
+19.6896756
+20.9186489
+19.2770025
+20.1816448
+20.1184084
+19.1330792
+19.5431875
+19.0997037
+19.6231567
+19.5799575
+18.8600564
+19.1675689
+19.5262870
+18.6222012
+17.9021814
+20.3949689
+20.9975845
+18.8903589
+21.6535859
+21.0381156
+18.7609656
+19.6447245
+16.3964756
+21.9268006
+18.3455317
+19.6864964
+20.5080914
+18.3650131

10.47
10.32
12.07
10.80
10.64

9.15
11.84
10.11
10.03

9.21
11.98
11.17
11.63
12.20
11.56
11.62
11.64
10.87
11.34
11.46
11.03
12.09
12.23
11.91
11.92
11.71
10.33
10.16
11.42
12.04
11.05
11.27
12.15

9.22
12.10
12.15

9.87
11.62
12.12

9.73
10.90
12.13
11.78
11.75
10.00
11.91
10.40

9.20
10.66
11.96

9.20
10.75
10.70
12.00
11.43
11.93

9.35
11.22

9.357
9.140
10.360
9.657
9.565
8.436
10.421
9.199
9.053
8.541
10.556
10.012
10.294
10.706
10.467
10.249
10.386
9.610
10.091
10.126
9.864
10.597
10.719
10.261
10.568
10.392
9.463
9.223
10.386
10.554
9.869
10.067
10.660
8.444
10.457
10.685
8.951
10.302
10.371
8.857
9.530
10.615
10.439
10.259
9.049
10.502
8.717
8.801
9.551
10.466
8.444
9.621
9.561
10.773
10.164
10.533
8.527
10.015

8.997
8.807
9.771
9.329
9.259
8.279
9.996
8.961
8.698
8.347
10.133
9.655
9.911
10.169
10.097
9.832
9.974
9.189
9.706
9.686
9.507
10.132
10.213
9.683
10.120
9.928
9.142
8.933
10.096
10.086
9.544
9.705
10.173
8.280
9.914
10.186
8.721
9.881
9.800
8.633
9.168
10.158
10.007
9.601
8.776
10.050
8.482
8.601
9.257
9.968
8.253
9.342
9.294
10.316
9.772
10.068
8.369
9.640

0.360
0.333
0.589
0.328
0.306
0.157
0.425
0.238
0.355
0.194
0.423
0.357
0.383
0.537
0.370
0.417
0.412
0.421
0.385
0.440
0.357
0.465
0.506
0.578
0.448
0.464
0.321
0.290
0.290
0.468
0.325
0.362
0.487
0.164
0.543
0.499
0.230
0.421
0.571
0.224
0.362
0.457
0.432
0.658
0.273
0.452
0.235
0.200
0.294
0.498
0.191
0.279
0.267
0.457
0.392
0.465
0.158
0.375

Pr0025
Pr0029
Proo33
Pr0039
Proos57

J083223474-2059449
J08325223+1958359
J083315424-2042089
J08340436+-2034303
J08362269+1911293

128.0978003
128.2176612
128.3142559
128.5181859
129.0945580

+20.9958103
+19.9766459
+20.7024920
+20.5750989
+19.1914848

12.82
13.07
12.71
12.80
12.41

11.043
11.145
11.015
11.038
10.763

10.470
10.560
10.436
10.442
10.257

0.573
0.585
0.579
0.596
0.506

15
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Name 2MASS RA DEC \4 J K J-K
Pr0060 J083628304-2013429 129.1179380 +-20.2285909 12.65 10.982 10.441 0.541
Pr0063 J08364182+2024399 129.1742489 +20.4110895 12.89 11.183 10.523 0.660
Pr0069 J083654114-1845247 129.2254533 +18.7568517 12.73 11.003 10.469 0.534
Pr0073 J08370037+2232470 129.2515771 +22.5464023 12.60 10.983 10.448 0.535
Pr0091 J08374640+1935575 129.4433795 +419.5992931 12.33 10.725 10.244 0.481
Pr0108 J08384610+2034363 129.6921074 +20.5767798 12.44 10.825 10.313 0.512
Pr0109 J08384973+1815571 129.7071992 +18.2658559 12.58 10.920 10.396 0.524
Pr0113 J08390228+1919343 129.7595089 +19.3262445 12.39 10.730 10.259 0.471
Pr0122 J08392185+1951402 129.8410500 +19.8612067 12.53 10.874 10.369 0.505
Pr0134 J0839470741949395 129.9461124 +19.8276331 12.74 11.006 10.435 0.571
Pr0180 J08410262+2027278 130.2609168 +20.4577012 12.35 10.780 10.291 0.489
Pr0190 J08412258+1856020 130.3440850 +18.9338748 12.96 11.162 10.536 0.626
Pr0230 J08424847+2034244 130.7019586 +20.5734309 12.57 10.793 10.262 0.531
Pr0239 J08433239+1944378 130.8849265 +19.7438162 12.33 10.755 10.218 0.537
Pr0244 J08435467+1853369 130.9778124 +18.8935889 12.67 10.961 10.412 0.549
Pr0248 J08441706+1844119 131.0711186 +18.7366042 12.34 10.766 10.262 0.504
Pr0249 J084420314-1802595 131.0846518 +18.0498617 13.35 11.128 10.490 0.638
Pr0252 J08444870+2017259 131.2029586 +20.2905539 13.02 11.080 10.508 0.572
Pr0261 J084613074-2043432 131.5544512 +-20.7286773 13.45 11.116 10.494 0.622
Pr0285 J08391664+1727465 129.8193512 +17.4629209 11.67 10.400 9.965 0.435
Pr0286 J08402624+1913099 130.1093762 +19.2194239 12.88 11.088 10.461 0.627
Pr0287 J08404439+1839235 130.1849848 +18.6565231 12.93 11.126 10.500 0.626

Note — Stars below the line break are the faint targets that we will observe only once
in order to vet them for future surveys.

2.3.2 Hyades Stars

The Hyades is similar to Praesepe in size, age (625 Myr; Perryman et al. 1998), and metal-
licity ([Fe/H] = 40.13 & 0.01, Paulson et al. 2003; though Liu et al. 2016 find a metallicity
higher by ~0.04 dex on average, and with an intrinsic dispersion of 0.021), but it sits more
than 4 times closer (d = 46 pc; van Leeuwen 2009). The resulting increase in brightness
makes the Hyades an excellent target, as high SNR can be achieved in short exposures, and
a much wider range of stellar masses will satisfy our magnitude cuts.

The Hyades had been previously observed with high-precision RVs in search of planets
(see the series of papers describing the survey: Cochran et al. 2002; Paulson et al. 2004a,b).
However, in an effort to observe a wide range of stellar masses, the authors were unable
to include all FGK members of the cluster in their survey, so we aim to complement this

work by observing any remaining FGK Hyads. To identify suitable targets for our survey,
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we began with a list assembled for the Harvard-Smithsonian Center for Astrophysics (CfA)
Hyades binary survey (R. Stefanik, private communication). Since 1979, the CfA team has
been monitoring over 600 stars in the Hyades field, extending to a magnitude of V' = 15.
Originally the program consisted of stars drawn from the Hyades lists of van Bueren (1952),
van Altena (1966), and Pels et al. (1975). Over the years additional stars were added to the
observing program if there was some suggestion that the stars were possible members based
on photometric, proper motion, or radial velocity investigations of the cluster. Also added
to the CfA program were the companion stars of Hyades visual binaries. From this parent
list, the sample surveyed here was determined after excluding close (< 170) visual binaries
revealed by high-resolution imaging (Patience et al. 1998), the 94 stars previously surveyed
by Paulson et al. (2004b), rapid rotators (vsini, > 30kms™!), faint targets (V' > 12), and
spectroscopic binaries (with orbits or long-term trends) from the literature and the CfA
survey. The final target list (Table 2.3) contained 27 FGK Hyades members, which are

plotted on the CMD in Figure 2.2.

Table 2.3: Hyades Target List

Name 2MASS RA DEC \% J K J-K
J202A J031722844-2618545 049.3449683 +426.3158967 11.11 8.390 7.417 0.973
H24098C J03501320-0131093 057.5550353 -01.5192859 11.20 11.133 10.524 0.609

L7 J035241014-2548159 058.1708774 +25.8044464 11.15 8.704 7.893 0.811
GT7-73C J040112854-1205479 060.3036053 +12.0966784 11.30 9.710 8.907 0.803
L15 J04070122+1520062 061.7551074 +415.3350309 10.49 8.365 7.665 0.700
L18 J040836204-2346071 062.1508889 +-23.7686137 9.44 7.840 7.323 0.517
VB13 J04104233+1825236 062.6765168 +18.4232531 6.62 5.795 5.572 0.223
VB14 J041120304-0531228 062.8345086 +-05.5230489 5.73 5.062 4.821 0.241
H111 J04145191+1303178 063.7164003 +13.0549587 10.74 8.445 7.688 0.757
L26 J041725124-1901478 064.3548006 +-19.0299095 10.83 8.597 7.909 0.688
H210 J04193684+4-1237274 064.9036433 +12.6243281 9.81 8.110 7.564 0.546
H246 J04213478+41424352 065.3949792 +414.4097878 6.61 5.784 5.595 0.189
L38 J042407404-2207079 066.0309515 +422.1188689 11.02 8.627 7.886 0.741
H342 J04250024+1659057 066.2510250 +16.9848900 10.28 8.486 7.830 0.656
L58 J04264760+2114059 066.6984100 +21.2349162 11.24 8.724 7.936 0.788
G7-227 J04275674+1903390 066.9865274 +19.0608275 11.29 9.045 8.354 0.691
H422 J04281085+4-1628155 067.0452912 +416.4709342 11.09 8.560 7.758 0.802

H469 J04293033+1751475 067.3764612 +17.8631628 6.92 6.045 5.809 0.236
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Name 2MASS RA DEC \% J K JK
H472 J042930984-1614413 067.3791353 +16.2447825 10.33 8.224 7.515 0.709
VB86 J04305716+1045063 067.7382153 +10.7517703 7.10 6.139 5.893 0.246

G8-64 J044708924-2052564 071.7872259 +-20.8823153 9.85 7.966 7.337 0.629
AK2-1315 J0447185140627113 071.8271189 +406.4532106 11.33 8.651 7.875 0.776
VB116 J04490351+1838285 072.2646912 +418.6412431 9.00 7.486 7.059 0.427

L96 J04500069+1624436 072.5029656 +16.4120628 10.61 8.485 7.839 0.646
+23755 J04530112+42329133 073.2547789 423.4869928 10.56 8.591 7.959 0.632
L101 J04570066+4-1354446 074.2528162 +13.9123625 10.94 8.762 8.119 0.643

VB128 J04594432+1555002 074.9346768 +15.9167325 6.80 5.856 5.645 0.211

2.3.83 Coma Berenices Stars

Coma Berenices is another adolescent cluster (~450-600 Myr Hambly et al. 1995; Collier
Cameron et al. 2009), though it is smaller than the Hyades and Praesepe (Kraus & Hil-
lenbrand 2007 identify only 149 candidate members), and its metallicity is lower, possibly
even slightly sub-Solar ([Fe/H] = —0.06; Boesgaard et al. 2003). It is located about twice as
close as Praesepe (87 pc; van Leeuwen 2009), though, so our target stars are brighter. Coma
Berenices therefore represents an opportunity to obtain inexpensive observations of stars in
a more sparsely populated cluster at a similar age. Any differences in planetary populations
that we observe may be due to the dynamical environment (and metallicity, of course).
Like we did in Praesepe, we selected our Coma Berenices targets from the membership
lists of Kraus & Hillenbrand (2007), supplemented by stars that appear to be probable
members according to Casewell et al. (2006) and Collier Cameron et al. (2009). We employed
similar cuts as in Praesepe and the Hyades, excluding binaries identified by Mermilliod et al.
(2009) and stars with V' > 12 or, when known, vsini, > 30kms™!. We adjusted our
magnitude cutoff here because Coma Berenices is closer than Praesepe; we actually survey

redder stars in Coma Berenices despite our more stringent cutoff, and given that telescope
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time is a limited resource, a somewhat brighter, smaller sample keeps total exposure time
down. Moreover, we expect that a large number of these redder possible members will
turn out to be contaminating background giants, because, as noted by Kraus & Hillenbrand
(2007), the proper motion of the cluster is low. Therefore, evolved background stars may
lie near the main sequence on a color-magnitude diagram yet still have proper motions
consistent with membership. Fortunately, we will not have to expend significant resources
on non-members, as the RV that we derive from the first spectrum of each star will provide
an easy way to rule out stars with discrepant space motions, and the surface gravity that we
derive from an analysis of the spectrum will provide confirmation that the star is evolved.

Our target list is given in Table 2.4 and these stars are included in the CMD of Figure 2.2.

Table 2.4: Coma Berenices Target List

Name 2MASS RA DEC \4 J K J-K
CB0001 J1148377042816305 177.1570865 -+28.2751645 10.47 9.015 8.585 0.430
CB0002 J11553336+2943417 178.8890033 +29.7282631 11.52 9.692 9.057 0.635
CB0003 J12005224+4-2719237 180.2176736 +27.3232670 11.61 9.674 8.996 0.678
CB0004 J12042326+2449145 181.0969839 +24.8206912 10.19 8.750 8.343 0.407
CB0005 J120613934-2646503 181.5579950 +26.7806659 11.73 10.003 9.394 0.609
CBO0006 J12075391+-2555455 181.9746359 -+25.9292895 11.48 9.332 8.626 0.706
CB0007 J1207577242535112 181.9904803 +25.5865017 11.17 9.534 8.906 0.628
CB0008 J120912444-2639390 182.3018856 +26.6608092 11.63 9.829 9.184 0.645
CB0009 J12110738+2559249 182.7807600 +25.9901723 9.62 8.387 8.073 0.314
CB0010 J12113516+4-2922444 182.8965071 +29.3790259 11.35 9.575 8.979 0.596
CB0011 J12122488+2722482 183.1037295 +27.3800981 8.12 7.274 7.082 0.192
CB0012 J121253244-2615014 183.2217895 +26.2504009 11.58 9.577 8.990 0.587
CB0013 J12134391+2253168 183.4329098 +22.8879967 8.13 7.211 6.990 0.221
CB0014 J12140814+4-2250273 183.5339583 +22.8409370 11.56 9.651 8.992 0.659
CB0015 J12160249+-2802553 184.0104203 +28.0486784 8.37 7.414 7.200 0.214
CB0016 J12161909+2655375 184.0795056 +26.9271137 10.32 8.477 7.798 0.679
CBO0017 J12172544+4-2714323 184.3559809 +27.2423331 11.18 9.714 9.142 0.572
CB0018 J12175090+2534167 184.4621124 +25.5713434 7.89 7.086 6.928 0.158
CB0019 J12181778+4-2338327 184.5741056 +23.6424584 11.53 9.764 9.105 0.659
CB0022 J12190147+2450461 184.7561409 +24.8461681 8.83 7.837 7.537 0.300
CB0023 J121928364-2417033 184.8681574 +24.2842517 9.07 7.867 7.492 0.375
CB0024 J12204557+2545572 185.1898795 +25.7658659 9.10 7.974 7.649 0.325
CB0025 J1221156142609140 185.3150700 +26.1539081 11.57 9.614 8.972 0.642
CB0026 J122149014-2632568 185.4542798 +26.5490981 9.31 8.214 7.857 0.357
CB0027 J12215616+2718342 185.4840203 +27.3095070 8.53 7.565 7.325 0.240
CB0028 J12222475+4-2227509 185.6031539 +22.4641420 8.55 7.604 7.387 0.217
CB0029 J12223138+2549424 185.6307992 +25.8285239 8.55 7.406 7.024 0.382
CB0030 J122252244-2504000 185.7176856 +25.0667092 10.61 8.646 7.959 0.687
CB0031 J12225237+4-2638243 185.7181965 +26.6401064 11.89 9.777 9.115 0.662
CB0032 J122259414-2458584 185.7475683 +24.9829223 11.24 9.396 8.674 0.722
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CB0044
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CB0050
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CB0055
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CB0060
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J12333019+-2610001
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J12345429+4-2727202
J12350033+3011337
J123517024-2603218
J12354306+2555227
J12360464+2757356
J1237481742657472
J123814934-2621280
J12394200+4-2134578
J123952434-2546331
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J12423510+-4105276
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188.2526109
188.3333792
188.3757924
188.4254962
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+26.7855012
+25.3598823
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10.00
11.24
11.34
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10.52
11.06
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11.43

9.64
11.32
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11.29
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8.33
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8.65
11.24
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10.82
10.25
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10.07
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11.71
11.77
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11.28

8.89
10.41
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9.127
9.920
8.600
7.461
9.677
9.080
10.065
8.417
9.388
9.385
7.051
9.567
7.644
7.411
10.193
9.855
9.803
8.642
8.912
8.436
8.943
9.473
9.208
9.791
7.612
8.809
9.623
8.407
9.470
8.855
9.241
9.031
7.281
10.065
7.897
7.673
9.513
10.127
9.903
8.846
8.564
9.488
9.232
8.258
9.956
9.831
9.750
9.613
9.558
7.881
8.897
9.527

8.474
9.260
8.008
7.253
9.018
8.611
9.327
7.903
8.779
8.824
6.762
8.930
7.392
7.205
9.589
9.156
9.201
8.246
8.451
8.050
8.465
8.861
8.661
9.198
7.404
8.197
8.995
8.086
8.866
8.402
8.591
8.584
7.022
9.395
7.510
7.454
8.925
9.492
9.297
8.163
7.998
8.799
8.651
7.634
9.273
9.174
9.069
8.931
8.976
7.609
8.473
8.922

0.653
0.660
0.592
0.208
0.659
0.469
0.738
0.514
0.609
0.561
0.289
0.637
0.252
0.206
0.604
0.699
0.602
0.396
0.461
0.386
0.478
0.612
0.547
0.593
0.208
0.612
0.628
0.321
0.604
0.453
0.650
0.447
0.259
0.670
0.387
0.219
0.588
0.635
0.606
0.683
0.566
0.689
0.581
0.624
0.683
0.657
0.681
0.682
0.582
0.272
0.424
0.605
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2.3.4 Ursa Major Stars

The Ursa Major Moving Group is a nearby population of stars consisting of a small nucleus
of about 15 stars (located at about 25 parsecs) and a larger number of likely members in a
stream, which extends a great distance from the nucleus—the Sun’s position, for example,
is located inside of this stream. The Sun is not a member, though, as the estimated age of
the group is only about 500 Myr (Jones et al. 2015; King et al. 2003). Identifying members
using kinematic and spectroscopic criteria, Ammler-von Eiff & Guenther (2009) estimate the
metallicity to be about [Fe/H] = —0.03. We select our targets from this same list of likely

members, excluding components of close visual pairs. In total, we include 20 stars.

Table 2.5: Ursa Major Target List

Name 2MASS RA DEC \4 J K J-K
HD11131 J01492335-1042125 027.3473156 -10.7035723 8.78 5.536 5.149 0.387
HD24916A  J03572871-0109338 059.3695895 -01.1594600 8.20 6.063 5.341 0.722
HD26923 J04152879+4-0611128 063.8700024 +06.1868581 8.52 5.201 4.903 0.298
HD28495 J04335424+6437593 068.4761130 +64.6331895 8.67 6.239 5.750 0.489
HD38393 J05442780-2226538 086.1157956 -22.4483834 3.65 2.804 2.508 0.296
HD41593 J060640474-1532317 091.6686595 +415.5421062 8.62 5.317 4.822 0.495
HD59747 JO07330059+-3701475 113.2524136 +37.0298417 9.01 6.090 5.589 0.501
HD95650 J110238324-2158017 165.6597642 +421.9671364 9.59 6.522 5.688 0.834
HD238087  J121205224-5855351 183.0217350 4-58.9264292 10.02 7.569 6.832 0.737
HD109011  J12311893+4-5507078 187.8288448 +55.1188437 8.70 6.324 5.662 0.662
HD109647  J123551284-5113172 188.9636827 +51.2214737 8.64 6.728 6.157 0.571
HD110463  J12414450+-5543288 190.4355083 +55.7246723 8.38 6.569 6.003 0.566
HD115043  J13133699+4-5642298 198.4042024 +56.7082703 6.88 5.675 5.334 0.341
HD238224  J13232325+-5754222 200.8470398 +57.9061187 9.56 7.172 6.421 0.751
HD152863A J16550215+2543504 253.7590065 +25.7306839 6.17 4.351 3.868 0.483
HD155674A J17101050+4-5429397 257.5437850 +54.4943784 9.22 6.788 6.118 0.670
HD155674B J17101235+4-5429245 257.5514809 +54.4901425 9.54 7.017 6.283 0.734
HD167389  J18130721+4-4128315 273.2801062 +41.4753642 7.45 6.224 5.918 0.306
HD184960  J19341977+5114121 293.5824586 +51.2366198 5.78 4.700 4.494 0.206
HD205435  J21335883+4-4535307 323.4952209 +45.5918370 4.09 2.485 1.901 0.584
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2.4 Potential biases

Looking ahead to the interpretation of results that we hope to obtain from our survey, we note
here several potential biases that may arise from our sample selection, most of which can be
addressed by examining subsamples, with completeness corrections, or with complementary
work.

First, we note that requiring slow projected rotational velocities may introduce an incli-
nation bias in stars that are inherently rapidly rotating. While we expect the G and K stars
at ~600 Myr to be rotating intrinsincally slowly enough to satisfy our vsini, cuts (see, e.g.,
Mamajek & Hillenbrand 2008), some F stars (early-to-mid F, in particular) are expected

to have rotational velocities greater than 30kms™*.

Therefore, only the face-on rotators
among these stars will be included in our sample. This would lead to reduced sensitivity to
planets if their orbits are well-aligned with the stellar spin (and conversely, would lead to
an increased likelihood to detect any misaligned planets around the earlier-type stars). The
most massive of such planets, for which we expect the orbital amplitude of an edge-on orbit
to be much greater than our measurement errors, would likely still be detected, though it is
unavoidable that the minimum detectable mass would be larger for highly inclined orbits.
However, we expect any such bias to be minimal because the RV technique is quite sensitive
even to highly inclined orbits.

A second potential bias that has been introduced is that we have removed binaries from

our sample. While this gives us a sample that is easier to observe and analyze, if we want to

interpret hot Jupiter occurrence rates for clusters in comparison to the rate for field stars, we
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must be cognizant of the potential differences in binarity between parent samples. While field
star planet surveys also typically avoid close binaries (if they are detected), a given angular
separation for a distant cluster star corresponds to a much larger physical separation than
it does for a nearby field star. Thus, our visual binary cuts may exclude more distant
binaries from our survey than a typical field star survey would. This may be important
because while close binaries may suppress planet formation (see, e.g., Kraus et al. 2016),
more distant binaries may enhance hot Jupiter production through Kozai-Lidov migration.
If Kozai-Lidov migration is very important for hot Jupiter migration (a hypothesis that will
be tested by some of the research within this dissertation), then the observed hot Jupiter
frequency in our sample may not reflect the overall frequency of giant planets in clusters.
Finally, we have instituted a magnitude-limited survey, which comes with well-known
biases. Most importantly, stars in more distant clusters like Praesepe will be, on average,
of earlier type than stars in more nearby clusters like the Hyades. This can be seen in
Figure 2.2, which shows that our Hyades targets extend to J — K~0.8 (early M dwarfs)
while we only target Praesepe stars as red as J — K~0.5 (early K dwarfs). Therefore, when
comparing planet occurrence rates between clusters or with the field, we will have to be sure

to account for the differing stellar populations that have been surveyed.
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CHAPTER 3

SURVEY STRATEGY & OBSERVATIONS

With target lists in hand, we must identify successful, yet efficient, strategies for observing
these stars. Such a strategy must include a balance between sensitivity to planets (which
is determined by the achieved RV precision, the number of observations, and the observing
cadence) and the telescope time required (which dictates the number of targets that can be
observed given a fixed telescope time allocation). To balance these quantities there are many
levers to pull, not the least of which is the choice of instrument and telescope. For example,
while an instrument capable of 1ms™! precision mounted on a large aperture (10 m—class)
telescope might be the first choice for a high-precision RV survey, practical considerations
muddy the waters: such telescopes are always over-subscribed, and as a result, one should
expect the total observing time awarded—if any—to be small. In contrast, time allocation
committees for some medium aperture (1-3m) telescopes are much more likely to grant a
large time request, as they tend to have lower overall subscription rates. Furthermore, the
requirements of our particular survey—a giant planet search in nearby ~600 Myr clusters—
lessen the need for a super-precise instrument on a large aperture telescope. The previously
mentioned Hyades planet survey (Paulson et al. 2004b) determined the typical RV jitter
due to activity of 600 Myr Sun-like stars to be about 16ms™!. As such, the utility of an
instrument with 1ms~! RV precision is dramatically lessened for our survey; an instrument

1

with intrinsic precision of ~10ms™" would deliver performance nearly on par with a more

precise instrument because the final observed RV scatter will be due to the combination (in
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quadrature) of astrophysical jitter and instrumental uncertainty, in which the astrophysical
jitter is the dominant term. While these moderately high-precision instruments tend to be
mounted on medium-aperture telescopes, recall that we have chosen targets to be bright
(V < 12), so the high signal-to-noise ratio (SNR) observations that are required to approach
the instrumental noise floor can still be achieved for all of our stars in reasonable exposure
times.

Another consideration related to the instrument is the scheduling of observations. Tele-
scope schedules generally come in two flavors: classical and queue. A classical schedule
awards blocks of time (generally consecutive nights or half-nights) to observers based on
the ideal time of year for their observations. However, given that our targets are located
in small, discrete regions of the sky, it is unlikely that we would be able to observe all of
our targets adequately in a single block of contiguous nights (or even several smaller blocks,
if the schedule were flexible enough to allow such time allocation). Moreover, because we
are interested in detecting planets with periods of a few days to a few weeks, we expect
that an observing cadence that samples those timescales well would be more effective than
a cadence limited to a few consecutive nights (more on this in the following section). The
above requirements are much more well-suited to a queue-scheduled instrument, in which
all targets from all observing programs are placed in a single queue, and each is observed
when most appropriate (balanced against the needs of other programs). This would allow a
customized observing cadence designed to sample the relevant orbital timescales, as well as

the flexibility to observe targets throughout the year—when they are placed at an optimal



26

position in the sky (e.g., near the meridian).

3.1 Observing Cadence

To select an appropriate observing cadence, we first consider the goals of our survey. Our
primary goal is to investigate the mechanisms driving hot Jupiter migration, so we should aim
to optimize sensitivity to hot Jupiters. This means that we should use our resources to sample
short orbital periods (P < 10days). As a secondary goal, sampling on longer timescales
(months and years) can provide a clearer picture of the overall giant planet population in
clusters, which will allow us to place cluster planets in context with the field.

Previous investigations of the effects of the choice of RV cadence show mixed results.
In the context of a large number (dozens) of astrometric observations from space (which,
similarly to RVs, must sample an orbit well to ensure detection), Ford (2004) finds that the
specific choice of cadence is not particularly important. However, for more modest observing
time, an intelligent choice of observing cadence can improve the efficiency of detections, the
minimum mass of detected planets, and the uncertainties on the orbital parameters of the
discoveries (see, e.g., the adaptive scheduling algorithm described in Ford 2008). We adopt a
dual-cadence strategy meant initially to sample short-periods orbits (P < 10 days) in search
of hot Jupiters, and subsequently to sample longer timescales in search of warm and cold
Jupiters or distant binary companions.

More specifically, we plan to observe each star with an initial sequence of three consecutive

nights, and then two or three consecutive nights at least one week later. This should provide
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sensitivity to orbits with timescales of a few days as well as those with timescales of a few
weeks. A significant advantage to this strategy compared to a more random sampling is that
short period variables can be identified almost immediately (perhaps after only two or three
spectra) and resources can then be allocated preferentially to high priority, planet-hosting
stars, rather than equally among all targets. That is, if at any point we identify a star
with significant RV variation, we will abandon the initial observing plan and dedicate more
intense monitoring to that system. In addition to this short-cadence observing strategy, we
will return the next year to observe each star one or two more times in search of variation
on longer timescales. We plan similar sparse observations in subsequent seasons to improve
sensitivity to these longer-period companions.

To assess the efficacy of such a strategy, we simulate the observation of planetary systems
using our proposed cadence to estimate detection limits as a function of planet mass and
orbital period. Figure 3.1 shows that among planets with masses Mp > 0.1 Mj,, and orbital

periods P < 10days, our cadence is fairly complete.

3.2 Observations

3.2.1 The Instrument

Balancing the factors outlined above—telescope aperture, instrument precision, oversub-
scription rates, telescope schedule type—we identify the Tillinghast Reflector Echelle Spec-
trograph (TRES; Fiirész 2008), mounted on the 1.5 m Tillinghast Reflector at Fred L. Whip-

ple Observatory (FLWO) on Mt. Hopkins, AZ as a good match for the needs of our survey.
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Figure 3.1 A heat map of detection efficiency for our proposed observing cadence (8 total
spectra spread over 3 observing seasons), assuming RV uncertainties of 20ms~!. Red regions
indicate good sensitivity to planets, while blue regions indicate poor sensitivity. As expected,
low-mass, long-period planets are harder to detect, but even with only 8 spectra, we predict
that we will be sensitive to most planets with masses Mp > 0.5 My, and periods P < 10 days,
and some planets as small as ~0.3 M.

TRES is a temperature-controlled, fiber-fed, cross-dispersed echelle spectrograph with a re-
solving power of R~44,000 and a wavelength coverage of 3850-9100 A that spans 51 echelle
orders. While the 1.5m aperture is quite modest compared to the telescopes on which
many extreme-precision RV instruments are mounted, the facility has proven to be quite
efficient thanks to several factors: hardware upgrades to improve the stability of the velocity

system; established procedures that enable nearly immediate data reduction, PI review of
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the data, and daily updates to observing plans; large blocks of queue observing time; and
optimization of the camera performance that yields a readout noise of about 2.7e~. The
large spectral grasp of TRES covers information-rich content (for Sun-like stars) in the blue
and green—for 