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Abstract

Gyrochronology, which describes the empirical relationship among stellar
mass, rotation period, and age, is a potentially powerful tool for deter-
mining the ages of stars, upon which the understanding of stellar evolu-
tionary models hangs. Well-calibrated with open clusters up to the age
of ~2.5 Gyr, predictions from gyrochronology are in conflict with astero-
seismic observations of older stars, and the underlying physics are poorly
understood. The solar-age, open cluster M67, recently observed by the
NASA K2 mission, offers the opportunity to test both gyrochronology and
more physically-motivated angular momentum evolution models. Here,
we seek to gain insight into the angular momentum evolution of solar-
age stars through the analysis of K2 data. Using our own pipeline, we
extract and process K2 light curves that encompass the inner and outer
portions of M67. We describe various rotation period detection meth-
ods, focusing on the Lomb-Scargle periodogram, autocorrelation function
(ACF), and Gaussian processes (GPs), before presenting our own prelimi-
nary results. Observed scatter between colour and period, combined with
disagreement from the first published sets of K2 M67 periods, prompted
a comprehensive round of sinusoidal injection tests to probe our absolute
detection limits with K2 data using two different light curve preparation
pipelines. Finding low sensitivity for 25d, 0.1% amplitude signals and
lingering systematics on the order of 25d and greater, we use a combina-
tion of the Lomb-Scargle, ACF, and GP methods to determine our ‘final’
M67 rotation periods from K2 data. We find agreement between tidal
synchronization theory and observed rotation periods for our M67 bina-
ries. While angular momentum evolution models may perform slightly
better than gyrochronology, we cannot make any conclusive statements
regarding the validity of either due to the inherent scatter and small sam-
ple size. Future work at refining detection methods is needed, along with

complementary data from upcoming missions such as LSST and PLATO.
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Chapter 1

Introduction

For my part, I know nothing with any certainty,

but the sight of the stars makes me dream.

Vincent van Gogh

When I was eight-years-old, I could not decide whether I wanted to be a chemist,
paleontologist, or astronaut when I grew up. The next year, we did a unit on space
in school, learning all about the Solar System, stars, and galaxies. Suddenly, I had
my answer. | plastered my bedroom ceiling with glow-in-the-dark stars and planets,
tacked any and all newspaper clippings that had to do with space on my wall, and
conducted space missions in my closet. Every major decision in my life has been fueled
by this passion, from going to the United States Air Force Academy and studying
astronautical engineering to finding myself at Oxford, with the privilege of completing
a thesis in astrophysics, before I head off to pilot training for the Air Force.

‘I have loved the stars too fondly to be fearful of the night,” from Sarah Williams’
‘The Old Astronomer to His Pupil,” is my favorite line from poetry. The more I
have learned about stars throughout the course of this thesis, the more I have loved
them. They are the beautiful, complex building blocks of the universe, bright enough

to tantalize and inspire us humans who are confined to the Earth, but just distant

Sections of this Chapter have been published as [Esselstein et al.[ (2018).
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enough to puzzle, and at times frustrate, us with their secrets, slowly revealed but also
deepened through the progression of technology. This thesis is dedicated to the effort
of unlocking one of those secrets, even if only in a minor way, and in the broadest
sense that ‘secret’ is how we determine a given star’s age. Specifically, we explore
angular momentum evolution as a potential key.

The angular momentum evolution of young, pre-main sequence stars is complex,
but the higher activity levels for these stars allow for the relatively easy acquisition
of indicators and proxies, such as the rotational modulation of stellar flux, to be mea-
sured and quantified. Quieter, older main-sequence stars, however, offer another sort
of challenge, and the translation of stellar rotation periods, for example, to angular
momentum evolution over this phase of a star’s life is difficult to constrain. Because
of the Sun, we can gain some insight into this process by comparing solar observa-
tions with those from stars of similar age and composition. This thesis contributes to
that task through the processing and analysis of photometric data obtained for the
solar-age, open cluster M67 through the NASA K2 mission.

In this chapter, we set the background and context in which we tackle the prob-
lem of the angular momentum evolution of middle-aged, main-sequence stars. We
start with a discussion on various age-dating methods in Section [I.1 diving more
specifically into stellar spin-down, or ‘gyrochronlogy.” We then take a look at angular
momentum transport and evolution, and their implications for gyrochronology, in
Section [I.2] We introduce M67 in Section [I.3] After providing a brief history of the
acquisition of stellar rotation periods in Section [1.4] we focus on the Kepler and K2
missions in Section (1.5 Then we move on to techniques for extracting and processing
light curves in Section [L.6], and we give an overview of rotation detection methods in
Section [1.7] Finally, in Section [1.8], we outline the structure of this thesis in light of

the stage that we will have set.



3 1.1. Age-Dating of Stars

1.1 Age-Dating of Stars

Alongside mass, the most fundamental stellar parameter is age. From a star’s age, we
can gain significant insight into astronomical phenomena including, but not limited to,
the generation and degradation of protoplanetary and debris disks around protostars,
planetary formation, star system dynamics, and even the evolution of the Milky
Way (Soderblom) [2010)). Furthermore, stellar evolution models obviously have a
functional dependence on time. While certainly not applicable in all cases, if we
know a given star’s age, we can generally combine that knowledge with its mass to
infer its composition and its physical state according to the Vogt-Russel theorem,
especially for stars along the main sequence (Kaehler, [1978; [Endal & Sofial 1981
Soderblom) 2010)). Therefore, obtaining the ages of stars is not only desirable but
also critical to our understanding of one of the most basic components in the macro
structure of the universe.

Age-dating stars, particularly field stars, however, is a complicated task that often
depends on non-negligible assumptions or very precise measurements of various quan-
tities, such as distance, chemical abundances, and photometric intensity. The review
by |Soderblom (2010) provides a list of major age-dating techniques, though some
are more or less suitable depending on the evolutionary state of the stars in ques-
tion, or whether the stars are field stars or members of a cluster or association. In
this section, we briefly acknowledge those methods less applicable to this thesis, such
as kinematics, lithium depletion, and nucleocosmochronometry, while spending more
time on those more relevant to older, main sequence stars. These include isochrone
fitting, asteroseismology, chromospheric activity, and stellar spin-down. The last of
these has evolved into the field known as ‘gyrochronology,” which we will discuss more
extensively in Section [1.2] after we provide a comparison of the relative performance

of these four techniques in Section [1.1.8]
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1.1.1 Kinematics

The term ‘kinematics’ generally refers to the motion of stars around the galactic
centre, including both in bulk and random. Using kinematics as an age-dating method
involves taking radial velocity, proper motion, and space motion measurements to
trace the movement of stellar associations in time (Blaauw, [1964)). The work of von
Hoerner| (1960)) first acknowledged the use of kinematics as an effective method for age-
dating young associations by noting the dependency of various kinematic properties
on age (Mayor, 1974). In particular, ages are derived from the expansion of these
associations, though depending on the approach one takes, these ages tend to be
younger than those found by other age-dating methods (Maeder| |1972; |Soderblom,
2010). Because the kinematic properties of associations change relatively rapidly (on
the order of about 2x 108 yr; Mayor [1974), this method is best suited to very young
stars. However, one may still be able to glean some indication of age for groups of

field stars by measuring their kinematic properties in relation to each other.

1.1.2 Lithium Depletion

Young clusters of stars may form with a certain abundance of lithium in the photo-
spheres of member stars, which is subsequently depleted during the fully convective,
pre-main sequence (PMS) phase of a star’s life. Higher mass stars deplete lithium
faster than lower mass stars, however, so a comparison between the relative measure-
ments of lithium in coeval stars of different masses can help put a constraint on the
cluster’s age (Bildsten et al.,[1997)). Burke et al.|(2004) explored the practicality of this
so-called ‘lithium depletion boundary,” and found that, while an effective technique,
it is subject to uncertainties from bolometric corrections, insufficient understanding
of the physics involved, and stellar rotation considerations. Despite this, lithium de-
pletion has been successfully utilized for clusters ranging from 20 to 200 Myr of age

(Burke et al., 2004), such as in the cases of NGC 2547 (35 Myr; |Jeffries & Oliveira
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2005)), IC 4665 (28 Myr; Manzi et al.[2008), and NGC 1960 (22 Myr; |Jeffries et al.
2013). In a comparison between kinematics and lithium depletion to find the age of

a 21 Myr association, Binks & Jeffries (2014) found the latter to be more precise.

1.1.3 Nucleocosmochronometry

The rapid nucleosynthesis and subsequent slow degradation of various radioactive
isotopes of heavy elements with known half lives can be used to measure stellar
ages if detected in the photospheres of stars. This technique is known as ‘nucleocos-
mochronometry,” and it evolved from the discovery that isotopes of heavy elements
such as thorium and uranium can be synthesized by rapid neutron capture, otherwise
known as the ‘r-process’ (Burbidge et al.,[1957). The r-process is most likely initiated
by the extreme conditions of supernovae, meaning that these isotopes form quickly
as they are scattered into the interstellar medium to be recycled into stars (Hoyle
& Fowler] 1960). The best isotopes to use for very old stars (i.e. approaching the
age of the galaxy) are 23?Th, 238U, and 23U, with half lives of 1.405x 10'°, 4.47x 107,
and 7.038 x 10® yr, respectively (Cowan et al. [1991). Alternatively, isotopes with half
lives on the order of ~ 107 yr can be used for younger objects (Cowan et al., [1987).
Unlike kinematics and lithium depletion, this method can be used on individual stars,
but only down to a precision of about 2 Gyr; uncertainty in the measurement could

improve, however, if applied to an old cluster of coeval stars (Ludwig et al., [2010]).

1.1.4 Isochrone Fitting

Isochrone fitting is one of the most widely used age-dating techniques. Observed
stars are plotted on the Hertzsprung-Russell (H-R) diagram, or a colour-magnitude
diagram (CMD), in relation to evolutionary tracks fixed at certain ages and calculated
over a range of masses. Stellar luminosities and effective temperatures change over

time, so a star’s proximity to an isochrone can indicate age (Lachaume et al., |1999).
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The tracks themselves are derived from evolutionary models that take into account
parameters such as mass, metallicity, opacity, and reddening to return luminosities
and effective temperatures at different ages.

The literature is rich with isochrones derived from different evolutionary models

across a diverse assortment of parameters, including mass, metallicity, and age, among

many others. For example, the [Vandenberg| (1985)) isochrones, computed for masses

of 0.4 — 4.0M; down to ages of ~0.2Gyr, across a wide range of [Fe/H| and a-

element abundances, led to the foundational work of Edvardsson et al.| (1993)) on

understanding our galaxy’s evolution through the age determination of 200 F and G

stars along the Galactic disk. The combined work of Bressan et al. (1993), Fagotto

(1994alb), and Bertelli et al] (1994) produced the classic Padova isochrones,

incorporating masses ranging from 0.6 to 120 M, and metallicities of Z = 0.0004 to

Z = 0.05. More recent isochrone datasets include: the popular |Girardi et al.| (2000))

isochrones, calculated for 0.15 — 7 Mg and Z = 0.0004 - 0.03, and extended by Marigo|
(2008)) to the thermally pulsating asymptotic giant branch (TP-AGB); the Y2

isochrones (Yi et al., [2001; Y1 et al., 2001)), computed from the PMS to the helium

core flash for 0.4 — 5.0M, and Z = 0.00001 — 0.08; the publicly-available MIST
framework for computing isochrones, scaled using the Sun for masses of 0.1 — 300 M

at the PMS up to the end of hydrogen burning for solar-like metallicities ,

2016]), and up to helium core burning for metal-poor stars (Choi et al., 2016); the

YaPSI grid of Spada et al.| (2017)), ranging from 1 Myr — 20 Gyr for 0.15 — 5.0 M, and

[Fe/H] = -0.15 to +0.3; and PARSEC (Bressan et al., 2012)), publicly-available code

from which tracks can be computed for 0.1 — 12 Mg, from the PMS to TP-AGB.
The use of isochrone fitting to determine stellar ages has been very successful,

aided in part by the bulk of astrometric and photometric data acquired by the Hippar-

cos mission (Perryman et al., 1997)) (although significant gains will also undoubtedly

be made by the unfolding Gaia mission; (Gaia Collaboration et al|2018). |Feltzing
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et al|(2001) and Ibukiyama & Arimoto (2002) found ages for several thousand Hip-
parcos stars within the solar neighbourhood, and isochrones have also been used to
constrain the ages of planet host stars. For example, using Hipparcos data, Laws
et al.| (2003) estimated the ages of 30 stars that had either known giant planet or
brown dwarf companions.

Clusters are especially well-suited to isochrone fitting because of the relatively
large samples of coeval stars spanning a range of masses and evolutionary states. [Liu
& Chaboyer| (2000)) looked at the old open cluster NGC 188 and found an approx-
imate age of 6.5 Gyr, while Oliveira et al.| (2013) used isochrones to determine the
metallicities of nine open clusters, using age as a free parameter. Figure [I.1] taken
from Figure 3 of Liu & Chaboyer| (2000), gives an example of plotting isochrones,
developed by one of the collaborators of that work, with members of NGC 188. Both
panels in the figure show isochrones for 5, 6, and 7 Gyr for two different CMDs (B—V
vs. Vand V — I vs. V). The respective reddening for each CMD is provided, as well
as the difference between the apparent and absolute magnitudes.

While a 6.5 Gyr age for NGC 188 seems to be reasonable given the comparison
with the isochrones, Figure indirectly highlights some of the shortcomings of
the isochrone method. First, it is particularly dependent on the evolutionary tracks
applied, including the parameters and uncertainties therein. Differences between
models aside, isochrones will overlap in various regions of the H-R diagram depending
on the mass-age combination, so one needs to have a general idea of the evolutionary
state of the stars in question to choose the more probable isochrone. And while
getting the ages from clusters is relatively straightforward thanks to the shear number
of data points, applying the same technique to individual, main sequence field stars
is much more uncertain — one can fit anything to a single point — and requires
high-precision photometric, metallicity, and distance measurements (Lachaume et al.|

1999; Pont & Eyer 2004; Barnes, 2007). It is not surprising, then, that isochrone
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Figure 1.1: Example isochrones and NGC 188 data plotted on two CMDs, taken from
Liu & Chaboyer| (2000)).

age precision can range anywhere from 20 — 50% for main-sequence stars (Soderblom),
2010). Furthermore, isochrones have uncertainties in both the x- and y-directions

(colour and magnitude, respectively), which necessitate a slightly more sophisticated

approach (e.g. the method of Naylor & Jeflries|2006) than simple least squares fitting.

The work of Lachaume et al. (1999) compared five different age-dating methods

— isochrones, metallicity, kinematics, chromospheric activity, and rotation (the lat-
ter two will be discussed below) — for a set of main sequence B through K stars,
and found that isochrones are good for putting upper and lower bounds on ages, but

often need to be combined with other techniques in order to get a more precise mea-

surement, especially for cooler stars. In addition, Lachaume et al.| (1999) discovered

that there is a tendency to underestimate isochrone age uncertainties based on insuf-
ficient understanding of the uncertainties inherent in evolutionary model parameters.

To achieve better results, however, some studies have tried weighting likelihoods for
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goodness of fit or taking a more Bayesian approach, and with some success (Pont &

Eyer, [2004; Jorgensen & Lindegren, |2005; Monteiro et al., 2010)).

1.1.5 Asteroseismology

Asteroseismology is the study of stellar oscillations, the frequencies of which can be
used to determine interior density and sound speed, which, when combined with
evolutionary models, return fundamental stellar parameters. These include mass,
log g, and age. The review from |Brown & Gilliland| (1994) provides an overview of the
key terminology and method. The two overarching frequency mode categories are the
so-called ‘p-mode’ and ‘g-mode’ frequencies, named based on their respective restoring
forces, i.e. pressure gradients and buoyancy. Oscillations can be measured either from
photometric data, as they cause observed flux to change at high frequencies, or from
the Doppler shifts associated with the pulsation of stellar plasma (Brown & Gilliland,
1994)). For deriving stellar ages from solar-like stars, typically only p-mode frequencies
come into play; g-mode oscillations are more difficult to detect.

Each frequency is parameterized by a radial order n, which is the number of
nodes between the center of the star and the surface; the angular degree [, or the
frequency’s wavenumber multiplied with the stellar radius (i.e. the number of nodes
on the surface); and the azimuthal order m, a description of [ in relation to the star’s
equator (Brown & Gilliland, 1994). These parameters are intrinsically linked with
the large separation, Awv,, and the small separation, dv,. The former characterizes

the time for sound to travel through the star (Brown & Gilliland|, [1994):

C

Av, = (2/0 A (1.1)

Here, R, is the stellar radius and c is the speed of sound in the star. Equation

is ultimately related to the density and internal structure of the star (Cox, [1980;



Chapter 1. Introduction 10

\Goughl 1990; Brown & Gilliland, 1994)). The small separation, on the other hand,

hints at the star’s evolutionary state, since it is particularly affected by gradients in

the sound speed (Brown & Gilliland}, |1994). Observed frequency modes that have the

same [ and come from neighboring nodes, n, are separated by Awv,. Alternatively,
modes which share n and are either both even or both odd in ! exhibit dv, spacing.

Finally, modes with the same [ and n, but different m, are distinguishable due to

rotational splitting, i.e. the Doppler shifts arising from rotation (Aerts et al., [2010}

Nielsen et al., 2014)[]

Together, the large and small separations can be used to return many fundamen-
tal stellar properties. (1986) created stellar evolutionary models that related

asteroseismic frequencies to stellar mass, metallicity, and convective mixing length.

The work of (Christensen-Dalsgaard (1988) built off this idea, even creating an ‘os-

cillation H-R diagram’ based on the evolutionary tracks for stars ranging from 0.7

— 1.5Mg and computed as a function of Av, and v, from p-mode frequencies. A

combination of high precision observations (Goughl [1987) and improvements made to

model parameters (Brown et al.,|1994) can greatly minimize measurement uncertain-

ties from stellar properties derived from asteroseismology. In fact, asteroseismology
has proven to be one of the best techniques for constraining stellar properties, thanks
in large part to space-based missions such as MOST, CoRoT, and Kepler (Gilliland
et al) 2010), which will be discussed in later sections. High-precision photomet-

ric data from Kepler has greatly opened up the number of asteroseismic, solar-like

targets available to the community (Gilliland et al., 2010), and even the follow-on

mission K2 (also discussed in more detail below, as it is a key component of this

thesis) allows for frequency measurements up to at least 2500 puHz (Chaplin et al.,

2015)). Asteroseismology has been used to determine ages for planet-host stars (Silva

'Rotational splitting from modes with different n, which penetrate to different stellar depths,
can be used to measure internal rotation at varying radii (see e.g. [Schou et al., [1998; [Nielsen et al.
2014)
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Aguirre et al| 2015), evolved subgiants (Metcalfe et al., 2010), and main sequence
stars (Chaplin et al., 2014), typically achieving precision levels of 10% (Soderblom,

2010), and, in some cases, reaching down to 2.5% (Mathur et al., |2012).

1.1.6 Chromospheric Activity

Chromospheric activity, often interpreted as the strength of Ca II H and K transition
lines (and less commonly as Ha emission), was first considered as a potential age in-
dicator by Wilson| (1963)), who found that the H-K intensities for cool, main-sequence
stars were higher in the Pleiades than the older Hyades, Praesepe, and Coma clusters.
A follow-on study by Wilson & Skumanich! (1964) found that of 17 stars with strong
H-K lines out of a sample of 114 main-sequence stars, 15 were close to the zero-age
main sequence, supporting the idea that chromospheric activity decreases with age.
Kraft (1967) then suggested that chromospheric activity was also correlated with ro-
tation period in cool stars. The connection with rotation is particularly important to
this thesis and is explored more fully below (in Section 1.1.7), but it is difficult to talk
about chromospheric activity without alluding to rotational effects. Stellar rotation is
intrinsically linked with a star’s surface magnetic activity via the Rossby number, or
the ratio of the observed rotation period to the convective turnover time, 7. (Noyes,
1983). The indirect dependence of chromospheric activity on the Rossby number
implies that convection zone depth is an important factor in emission strength due
to the role it plays in creating the stellar dynamo; indeed, Noyes et al. (1984) con-
firmed that H-K emission depends not only on rotation period, but also spectral type.
Further studies have attempted to better understand the expression of chromospheric
activity through stellar evolution models, particularly with respect to convection zone
parameters (Gilliland|, [1985) and stellar dynamo numbers, the latter expressed as the
ratio between magnetic activity cycles and rotation period (Baliunas et al. [1996).

The relationship between chromospheric activity and age, however, was further
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solidified by the foundational work of [Skumanich (1972). He discovered that R,
(the ratio between H-K emission and stellar flux; Noyes et al.[[1984)) is roughly pro-

1/2 where t is the age of the star, providing the first functional connec-

portional to ¢t~
tion between chromospheric activity and age (and, critically, rotation). Eventually,
Soderblom et al.| (1991)) confirmed that the relationship between chromospheric ac-
tivity and age was deterministic rather than merely statistical, properly opening the
door for its application as an age-dating method. Effective applications of these ob-
servations include those of Mamajek & Hillenbrand (2008), who made improvements
to determining ages from R/, (and also rotation via the Rossby number). In addi-
tion, after Gizis et al| (2002) looked at the relationship between Ha and age, Lyra &
Porto de Mello| (2005)) calibrated Ha with age for 175 stars in the solar neighborhood.

There are limits to using chromospheric activity to discern stellar ages. The first
indication of this came from [Vaughan & Preston| (1980), who discovered a gap, now
known as the ‘Vaughan-Preston’ gap, in chromospheric emission for a sample of 185
F and G stars. They hypothesized, barring a bias in the sample selection, that this
gap was related to the age of the stars, i.e. that stars were less active by about 1 Gyr
of age (Vaughan & Preston, [1980). In addition, Pace & Pasquini (2004]) looked at
35 stars from five clusters: Hyades, Praesepe, IC 4651, NGC 3680, and M67. There
was a significant difference in chromospheric activity between the ~0.6 Gyr Hyades
and Praesepe clusters and the ~1.7 Gyr IC 4651 and NGC 3680 clusters, as expected,
but there was very little difference between the latter pair and the much older, solar-
age M67. This indicates that chromospheric activity does not change substantially
beyond about 1 — 2Gyr (Pace & Pasquini, |2004; |Pace, 2013), except potentially in
very specific cases (Zhao et al.; 2011)). Despite these limitations, several studies have
found that chromospheric ages, when applicable, tend to be more accurate than those
derived from isochrone fitting (Lachaume et al. {1999; Pont & Eyer, 2004). Precisions

for chromospheric ages hover around 0.2 dex, or about 60% (Mamajek & Hillenbrand,
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2008;; [Soderbloml, 2010))

1.1.7 Stellar Spin-down, or ‘Gyrochronology’

As mentioned before, [Skumanich| (1972) discovered that the chromospheric emission,

/2 This, in turn, implies

which results from stellar rotation, is proportional to ¢~
that rotation has a similar functional dependence on age, since chromospheric activity
and rotation are correlated (but only if 7. does not significantly change on the main
sequence). Rotation period also appears to depend on spectral type, as observed in
the Hyades, where there is a noticeable trend between colour and period for stars
cooler than about mid-F (Radick et al., [1987; Delorme et al., |2011)). Kawaler| (1988))
concluded that by ~600 Myr, a star’s initial angular momentum no longer plays a
significant role in determining its rotation period, and another mechanism, possibly
stellar winds coupled with magnetic fields, ‘brakes’ the rotation of a star as it ages
(see Section below). Kawaler| (1989) then acknowledged the potential use of
stellar spin-down, a direct observable independent of distance, as an age estimator,
if rotation periods could be properly calibrated with age and spectral type. Barnes
(2003)) developed the first semi-empirical model for deriving ages from the colours and
rotation periods of FGK dwarfs based on the rotation periods of a large sample of
stars from clusters with ages of ~30 Myr to 600 Myr, as well as old Mt. Wilson field
stars. Figure , taken from Figure 2 of Barnes| (2003), illustrates the dependence
of the observed rotation period on age, which appears to become a single relation by
the age of the Hyades. In doing so, Barnes| (2003)) coined the term ‘gyrochronology’
to describe the relationship between age, colour (mass), and rotation period.

The traditional gyrochronology model comes from the work of Barnes| (2007)), and

it separates the age and mass dependencies based on the general formulation:

P=gt)f(B-V) (1.2)
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Figure 1.2: Illustration of the apparent age-colour-period dependence for a range of
young open clusters and field stars taken from Figure 2 of (2003)).
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where P is the rotation period, g(t) is the age dependency, and f(B — V) is the mass
dependency, in this case represented as a function of B — V' colour. To determine
the mass dependency, Barnes| (2007)) analyzed cluster data where the initial angular
momentum distribution no longer affects observed rotation periods, i.e. the differences
in rotation periods for stars of a given mass from one cluster to another are due to age
alone. Barnes (2007) initially defined the time dependency based on the Skumanich

relation of t=1/2 and settled on the following form for f(B — V):

f(B=V)=a(B-V —04) (1.3)

where a and b are parameters that are best fit to the data, which they determined to
be a = 0.7725 +£ 0.011 and b = 0.601 £ 0.024. With respect to the time dependence,

g(t), Barnes (2007)) use the general form:

g(t) = 1" (1.4)

where the exponent n is calibrated using Equations [I.2] and [I.3] with data from the
Sun, and t is in Myr. They find a value of n = 0.5189 £ 0.0070, closely following the
Skumanich relation but more empirically fit.

If the value of 0.4 in f(B — V) is changed to a free parameter ¢, the traditional

gyrochronology relation takes the form:

P=t"(al(B=V),—d) (1.5)

where (B — V), is the intrinsic colour. This yields a ‘gyro-age,” in Myr, of:

b= <a[(B —J;)O - c]b>n (16)

Others have built off this model, determining their own values for a, b, ¢, and
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Table 1.1: Summary of Standard Gyrochronology Model Parameters

Study a b c n

B2007  0.7725 £ 0.011 0.601 =+ 0.024 0.4 0.5189 £ 0.0070
MH2008 0.407 & 0.0021 0.325 £ 0.024 0.495 + 0.010  0.566 % 0.008
M2009  0.770 & 0.005 0.553 £ 0.052 0.472 + 0.027 0.5189 % 0.0070
A2015 0.40193, 0.3150% 0.45 0.55%0 9

n thanks to the availability of thousands of open cluster member rotation periods
enabled by large field-of-view (FOV) CCD cameras on ~1m class telescopes (see Sec-
tion [1.4)). Studies utilizing the prescription of Equation include those of Mamajek
& Hillenbrand, (2008) and [Meibom et al. (2009). The former incorporated chromo-
spheric activity via the Rossby number, Ro, in addition to gyrochronology using Mt.
Wilson stars, while the latter used high-precision data from a 5-month observation
of the ~150 Myr M35 cluster to make slight adjustments to the parameters in Equa-
tion A summary of the three different sets of model parameters can be seen
in Table [L.1, where ‘B2007" refers to Barnes (2007), ‘MH2008" refers to Mamajek &
Hillenbrand| (2008)), and ‘M2009’ refers to [Meibom et al.| (2009). Also included are
the parameters derived by |[Angus et al.| (2015) (‘A2015’) using Markov Chain Monte
Carlo (MCMC) methods, who compared this traditional gyrochronology relationship,
derived from clusters, with ages from an asteroseismic sample of field stars from Ke-
pler; the main conclusions of this work are discussed in Section [1.2] [Angus et al.
(2015)) did not include ¢ as a free parameter, and Meibom et al.| (2009)) used the time
dependence originally found by |Barnes (2007)).

Others have attempted to determine their own gyrochronology relations separate
from the Barnes (2007) model. For example, Collier Cameron et al.| (2009) looked at
FGK data from the ~600 Myr Coma Berenices cluster, and, finding a close relation-
ship between rotation period and J — K colour, developed their own formula that

could reproduce the rotation period of the Sun. They still relied on a power law for
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the age dependency, however, finding n = 0.56. Their final gyro-age formula is:

t =591

P )]“‘156 (1.7)

9.30 + 10.39(J — K — 0.504
Equation [I.7has a similar form to that of Equation[I.6] and it was likewise determined
through empirical fitting. Thus, the coefficients represent the best-fit result and are
not necessarily physically motivated.

Another deviation from the standard model is that of Barnes| (2010). The biggest
change from Barnes| (2007) was the incorporation of the convective turnover timescale,
T., as well as an explicit, empirical dependence on two parameters, ko and k7, which
reflect the bimodality of the period distribution of low-mass stars at young ages (see

Figure . The gyro-age from Barnes| (2010)) is determined by:

. Te P k‘[ 2 2
t= (F) +P R (1.8)

where P, is the initial period. |Barnes (2010)) adopt values of k¢ = 0.646, k; = 452
and P, = 1.1d. While including the convective turnover timescale indirectly inte-
grates some physical baseline into Equation [1.8] it requires theoretical estimates of
Te, and the formula is still fundamentally based on empirical observations. Impor-
tantly, however, Equation 1.8 implies that the dependence on age and mass is not
separable.

The aforementioned studies primarily base their calibrations on young open clus-
ters, typically neglecting anything older than about 600 Myr (the exception being a
sample of old Mt. Wilson field stars used in Barnes 2003 and Barnes 2007). This
changed with the work of Meibom et al.| (2011), who applied the gyrochronology re-
lations of Barnes| (2010)), given above, to the 1 Gyr cluster NGC 6811 using different
values for P,. They found that the observed relationship between age, period, and

colour extended beyond the 600 Myr Hyades to this cluster. Meibom et al. (2015)
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went a step further, this time testing gyrochronology with the 2.5 Gyr NGC 6819
using both Equation and the standard models from Barnes (2007) and Mama-
jek & Hillenbrand| (2008)). They found excellent agreement between the model from
Barnes| (2010), and reproduced a period-age-mass (P-t-M) surface illustrating how
NGC 6811, NGC 6819, and the Sun all fall along predicted gyrochronology relations.
The P-t-M surface is reproduced in Figure in Section . Barnes| (2010) quote
age uncertainties of approximately 13% from their gyrochronology model.

The extension of gyrochronology out to ages of 2.5 Gyr encourages the use of this
technique as an age-dating method, although testing gyrochronology on a cluster of
solar-age stars is even more desirable, since we have the best datapoint for comparison
— the Sun. The Sun’s rotation period of ~26.2d has been well-established, using, for
example, spectroscopic measurements from Mt. Wilson to find its average equatorial
velocity (Howard & Harvey, [1970). The solar amplitude varies with its 11-year activ-
ity cycle, but time series of total irradiance have been documented over the years (see
e.g. [Frohlich & Lean, [1998; [Frohlich, 2000, 2006), thanks in large part to data from
the SOHO mission (‘Solar and Heliospheric Observatory’; Domingo et al.[[1995). The
average amplitude is on the order of ~0.1%, which can be seen in Figure 2 of |Aigrain
et al.| (2015b)) — reproduced below in Figure — who use solar data to simulate
light curves for a blind rotation period recovery exercise; we will discuss aspects of
this work in more detail in Chapter 5.

Despite gyrochronology’s success in being able to reproduce both cluster data and
the Sun’s rotation period given its age, the fact that (Collier Cameron et al.| (2009)
and the studies represented in Table found different fits to their distinct datasets
highlights the empirical nature of gyrochronology, a shortcoming which could have an
effect on its overall applicability. Epstein & Pinsonneault| (2014) derived rotation pe-
riods using both angular momentum evolution models (see Section and the stan-

dard gyrochronology relationship from Equation[I.5] They found that there appeared
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Figure 1.3: Figure 2 from Aigrain et al| (2015b)), demonstrating the normalized irra-
diance of the Sun for a recent solar cycle. The colored regions represent sections used
to simulate light curves in that work.

to be a systematic offset between the more theoretical and traditional gyrochronol-
ogy methods, a potentially troubling conclusion. However, they also concluded that
the use of rotation periods as an age-indicator could be the most precise approach
for main-sequence stars when properly applied. The limitations of gyrochronology in

light of angular momentum evolution is discussed in Section [1.2

1.1.8 Comparison of Age-dating Techniques

We now briefly the summarize relative performances of isochrone fitting, asteroseis-
mology, chromospheric activity, and gyrochronology as age-dating methods for main-
sequence, solar-like stars. The precisions of each technique are given in Table [1.2]
Isochrone fitting is effective for large groups of stars, but becomes much less certain

for individual field stars in the absence of tightly-constrained estimates of mass, dis-
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Table 1.2: Precisions for Different Age-Dating Methods

Technique Precision (%) Technique Precision (%)
Isochrone fitting ~20 — 50 Chromospheric Activity ~60 (0.2 dex)
Asteroseismology ~10 Gyrochronology ~13

tance, etc. Ages from chromospheric activity are typically more reliable than those
from isochrones, but they are limited to ages of less than 1 Gyr and are less precise.
Asteroseismology is the most precise, but requires months to years of high-precision
monitoring to return useful data for solar-like stars (Soderblom, 2010)). Finally, while
gyrochronology is reasonably precise, it suffers from its empirically-based roots and
inconsistencies with other methods (see the following section for more details). Ulti-
mately, combinations of these techniques, when available and applicable, should be

used to constrain ages, as was done by Lachaume et al. (1999).

1.2 Angular Momentum Loss and Gyrochronology

The primary weakness of gyrochronology is that, as an age-dating technique, it is
largely empirical. To fully take advantage of this method’s strengths while acknowl-
edging its limitations, we need to have an understanding of the physical processes
which produce the observed relationships between age, mass, and rotation period.
This is best understood in the context of angular momentum evolution, which en-
compasses both internal angular momentum transport and, more importantly to this

thesis, angular momentum loss.

1.2.1 Angular Momentum Transport in Stars

We will now look briefly at how angular momentum is transported within the interiors
of stars. Examples of reviews on the subject include those of [Fricke & Kippenhahn

(1972) and Maeder & Meynet| (2000), and they both highlight turbulent flow or
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instabilities, magnetic fields arising from convection, and meridional circulation as
some of the primary mechanisms for internal angular momentum transport. One
of the landmark models incorporating both turbulent low and meridional circulation
comes from the work of|Zahn| (1992)). Meridional circulation arises from the differences
in heating at the poles compared to the equator, resulting in the transport of matter
from the poles to the equator (Maeder & Meynet, |2000). Departing from the more
simplistic meridional circulation models of Mestel (1953), Zahn| (1992) postulated
that meridional circulation and horizontal turbulent transport via shear instabilities
are limited by the presence of a stellar wind, such that both mechanisms become
more important when the winds exist. However, the horizontal transport through
shear directly interferes with that of the longitudinal meridional circulation (Zahn,
1992).

In addition to meridional circulation, magnetic fields play a substantial role in
angular momentum transport. A classical work describing the generation and behav-
ior of stellar magnetic fields is that of |Parker| (1979)), and a popular basis model for
angular momentum transport by magnetic fields is given by |Spruit| (1999) and Spruit
(2002). The so-called ‘Tayler-Spruit’ mechanism, updated and modified by the work
of |Denissenkov & Pinsonneault| (2007)), basically describes how angular momentum
gets transferred through the displacement of fluid from magnetic fields made unstable
by differential rotation (Denissenkov & Pinsonneault} 2007)). The model incorporated
by [Denissenkov| (2010)) also included the effects of magnetic fields on stellar rotation
rate proposed by |Charbonneau & MacGregor| (1992) and |Charbonneau & MacGregor
(1993), since magnetic fields contribute to the spin-down of stars (see the following
discussion on angular momentum loss). Denissenkov] (2010) then modified this model
in an attempt to explain the amount of lithium that can be observed in the Sun.

Another important mechanism is internal gravity waves, measured as g-mode

oscillations in asteroseismic studies (Charbonnel & Talon, [2005)). (Charbonnel & Talon
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(2005) introduced this mechanism as a way of both explaining the co-rotation of the
Sun’s core with its envelope and observed lithium abundances. While the core is
rotating faster than the envelope, waves produced in the convection zone cause a
shear layer to develop at the tachocline, and further propagation of the waves allows
for the angular momentum to be readily transported into the slower-rotating envelope,
spinning it up while slowing down the core until they rotate together (Charbonnel
& Talon, [2005). |Charbonnel et al.| (2013) combined internal gravity modes with
meridional circulation and turbulence to predict the rotation profiles for 0.6 — 2.0 M.

The interactions of the different types of angular momentum transport mecha-
nisms can have a substantial and complex impact on the rotation of solar-like stars.
Many have attempted to model the angular momentum transport within stars as part
of larger stellar evolutionary models or to predict rotational velocities of stars using
different combinations of these mechanisms (see e.g. Endal & Sofia, |1979; Chaboyer
et al., [1995alb; [Krishnamurthi et al., |1997). However, while the internal transport of
angular momentum is important to consider, we now look more specifically at how
angular momentum is lost, as that has the biggest effect on gyrochronology models

for older, main sequence stars.

1.2.2 Angular Momentum Loss

Schatzman| (1962) proposed the mechanism for angular momentum loss in solar-type
stars, suggesting that ejected matter in the form of stellar winds co-rotating with
magnetic fields out to sufficiently large radii can bleed a disproportionate amount of
angular momentum relative to the amount of mass lost. This mechanism depends on
surface activity, which is in turn dependent on the presence and size of the underlying
convection zone (Schatzman| 1962)); the larger the convective zone, the easier it is for
the star to lose angular momentum and spin down. Weber & Davis (1967) modeled

the stellar wind itself, analyzing the effect that wind velocity and magnetic field
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strength, particularly in the azimuthal direction, had on angular momentum loss.
They used the Sun as a test case and demonstrated that this mechanism can lead

to significant angular momentum loss for solar-like stars due to the induced torque

(Weber & Davis|, [1967)):

dJ 2 . dM
W22t 1.
a3 e (1.9)

where J is angular momentum, €2 is the angular velocity of the roots of the magnetic
force lines (i.e. the angular velocity of the star; Belcher & MacGregor [1976)), r, is the
radius at which the Alfvénic Mach number is equal to one, and M is the mass of the
star. [Belcher & MacGregor| (1976)) built off this model, exploring the Sun’s probable
period of rapid rotation in the first half billion years of its life. As briefly mentioned
above, (Charbonneau & MacGregor (1992) and Charbonneau & MacGregor| (1993))
use angular momentum transport via magnetic fields to model both the spin-up and
spin-down of the Sun, respectively.

The concept of magnetically-coupled stellar winds as the mechanism for ‘braking’
the rotation of a star implies that lower mass stars (~K spectral type) should spin
down more quickly than their higher mass counterparts (up to about mid-F; Radick
et al.|[1987)). This is not necessarily the case, however, as the internal structure of
the star plays a large role in the early phases of angular momentum evolution. For
example, Soderblom et al.| (1993a)) determined that the presence of ultra-fast rotators
(UFRs) in a sample of Pleiades predominantly came from K dwarfs, and there have
been many attempts to explain this and similarly observed phenomena. As a PMS,
solar-like star contracts onto the radiative track following the convective Hayashi
phase, the star’s angular velocity increases as the moment of inertia decreases (Stauffer
et al.;[1984). At the same time, however, the star is losing angular momentum through
the solar wind mechanism. While the star is contracting, there is effectively no net

decrease in angular velocity, even while angular momentum is being lost, and the
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timescale of this phase is longer for stars less massive than the Sun (Stauffer et al.,
1984)). The difference between the angular velocity of the core and that of the envelope
adds another layer to the problem. If the core is uncoupled from the envelope (i.e.
they are not rotating together), then the transfer or angular momentum from the
core to the envelope will help the envelope maintain its angular velocity — or at
least have a more gradual spin-down — until they have re-coupled (Endal & Sofia,
1981; [MacGregor & Brenner, [1991; Soderblom et al., |1993b)). It should be noted that
accretion disks can prevent the spin-up of a PMS star, but only on a timescale up to
the disk’s lifetime of about 10 Myr (Edwards et al., [1993).

Once the core and envelope have re-coupled, the larger convective zones of lower
mass stars increase the efficiency of wind braking. This is why, by the age of the
Hyades, stars later than mid-F appear to follow the same general angular momentum
loss rate, dependent only upon mass (Radick et all |1987; Delorme et all [2011)).
Kawaler| (1988]) derived a relatively simple equation for the angular momentum loss
of stars that have reached the point where they no longer ‘remember’ their initial

angular momentum (on the order of 10% yr) and can follow the Skumanich relation:

dJ RNz/ M\-3
== —me(R—@) <M_@) (1.10)
where K, is a factor that represents uncertainties regarding the formation of stellar
magnetic fields and winds. While Equation does factor in important wind pa-
rameters, it is largely empirical, relying heavily on the Skumanich relation for stars
beyond about 100 Myr of age. |Kawaler (1988) does provide a more generalized ver-
sion of Equation [I.10] but uses the one provided to demonstrate its validity. This has
motivated more recent studies (Matt et al. 2015; (Gallet & Bouvier, |2015]) to create
more physically-motivated models for angular momentum loss.

The work of [Matt et al. (2015)) builds off the steady-state stellar wind braking

model developed by Matt et al. (2012) and relates the torque produced by the stellar
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wind to the Rossby number, Ro. This model is built on the idea of ‘saturation,” or
when indicators for magnetic activity no longer correlate with Ro (Matt et al., 2015),

which occurs at a transition point defined as (Matt et al., [2015)):

Rog  Quute

X (1.11)

Rosat a QoTeo
where Rog is the Sun’s Rossby number; Rog,; is the saturation Rossby number for
a given star; (), is the angular velocity at saturation; 7. is the convective turnover
timescale; and (). and 7. are the solar angular velocity and convective timescale,
respectively. This implies that saturation occurs when Ro < Rog/x (Matt et al.
2015)). Saturation only comes into play when solar-like stars are very young and
rapidly rotating. After saturation, spin-down is chiefly dependent on 7., meaning
low-mass stars are able to spin-down as quickly as necessary (Matt et al.l 2015). To
test their model, [Matt et al.| (2015)) created a synthetic cluster with a range of masses
and initial rotation period rates and let it evolve up to about 4 Gyr. By comparing
the rotation periods of their synthetic cluster with those measured by Kepler (see
e.g. McQuillan et al., 2014)), they were able to determine that most of the stars
with measurable periods in the original Kepler field are younger than about 4 Gyr
(although selection bias excludes older, less active stars without measured periods).

The angular momentum evolution model from (Gallet & Bouvier| (2015) focused

on stars of 0.5 — 0.8 M such that, for the convective zone of the star:

dJ

E = _Fwind + Fcfe - Frobd (112>
where each I' term represents a torque: I';.q is the torque due to the stellar wind,
proportional to the angular velocity, mass loss rate, and the Alfvén radius, r,; I'._. is

the torque resulting from the re-coupling between the core and the envelope; and I',..4

results from the formation of the radiative core. Gallet & Bouvier| (2015) also produce
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a corresponding equation for the angular momentum evolution of the core, but we
have only included the one for the envelope because it is generally the external stellar
rotation that we measure (unless using asteroseismic methods). |Gallet & Bouvier
(2015)) confirmed that the Skumanich relation is generally valid for solar-like stars
beyond about 0.5 Gyr, although for stars approaching 0.5 Mg, the timescale can be

up to 3 Gyr, depending on how quickly the core and envelope re-couple.

1.2.3 Implications for Gyrochronology

While angular momentum evolution models have become more sophisticated since
Kawaler| (1988)), they have so far either generally followed the Skumanich relation
or have drawn conclusions regarding its validity for sufficiently-aged, solar-like stars.
This falls in line with the minor differences in parameter values for the more ba-
sic gyrochronology relations of Barnes (2007), Mamajek & Hillenbrand (2008), and
Meibom et al.| (2009), all of which have n values (the exponent which controls the
age dependence in gyrochronology; see Table [1.1)) near the Skumanich value of 0.5.
However, this may not be the case for the whole duration of the main sequence.
The first clue came from Angus et al. (2015), who fit the same basic gyrochronology
model to a sample of Kepler stars with asteroseismic ages, several field stars, and
two open clusters. They could not find model parameters that successfully fit each
group of target stars simultaneously, though they admit that this could be a result
of not taking certain complexities, such as metallicity, into account (Angus et al.,
2015). On the surface, it appears that a discrepancy could exist not only between
certain gyrochronology and asteroseismic ages, but also between field stars and cluster
members, indicating that standard gyrochronology models may be inherently flawed.

Additionally, van Saders et al.| (2016) found that gyrochronology systematically
overestimated the rotation periods for older, main-sequence stars whose ages had been

found using asteroseismology. Figure 1 from that paper, reproduced in Figure [1.4]
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Figure 1.4: Figure 1 (top) from van Saders et al|(2016)) illustrating the P-¢-M surface
from Meibom et al. (2015) with targets from the asteroseismic sample (circles), the
1 Gyr NGC 6811 (squares), the 2.5 Gyr NGC 6819 (triangles), and the Sun overplot-
ted. The bottom plot reproduces the figure in 2D, displaying the difference between
the modeled and measured rotation periods at a given age. Here, effective tempera-
tures are given for the asteroseismic sample only.
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puts the asteroseismic targets on the P-t-M surface from Meibom et al.| (2015]). This
suggests that at some point during the main sequence, the magnetic wind braking
becomes less efficient. van Saders et al.| (2016]) claim this happens when the Rossby
number reaches a critical point, Ro..; = 2.16, such that the period has become too
long relative to the convective turnover timescale to effectively generate the surface
activity and torque necessary to reproduce the spin-down required by gyrochronology.
An important prediction from this is that higher mass stars reach Ro..;; faster (van
Saders et al., 2016)), since their convective turnover timescales are shorter. As a result,
higher mass stars in particular do not follow gyrochronology relations for ages around
4 Gyr and older, and it is unlikely that the time dependence is a simple power law.
By slowing down the angular momentum loss once Ro..; is reached, however, van
Saders et al.| (2016]) were able to reproduce both the rotation period trends predicted
by gyrochronology for younger stars and the older asteroseismic sample.

If the ‘weakened magnetic braking’ theory of van Saders et al.| (2016) is correct, it
indicates that gyrochronology is only suitable up to about the age of the Sun, where
the transition to Ro.,i; is likely to occur for solar-like stars. Furthermore, it adds to
the understanding of the physics involved, which gyrochronology on its own generally
lacks. This new model, however, still needs more testing, preferably on a sample of

stars that are roughly solar-age and encompass a sufficiently wide range of masses.

1.3 M67: The Old Open Cluster

The best candidate for testing both the weakened magnetic braking theory of jvan
Saders et al.| (2016) and gyrochronology at the solar age is the old open cluster M67,
a.k.a. the ‘King Cobra Cluster.” An image of M67 provided by NASA is given in
Figure E] MG67 is estimated to be ~4.0 — 4.3 Gyr old, and roughly 800 — 900 pc
from the Sun (Carraro et al. [1994; Balaguer-Nunez et al 2007} (Geller et al., [2015).

Zhttps://apod.nasa.gov/apod/ap070809.html
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Figure 1.5: Picture of M67 from the 9 August 2007 NASA ‘Astronomy Picture of the
Day,” processed by Noel Carboni and Greg Parker.

Calculated metallicity values from the literature show that [Fe/H] ranges from about
—0.1 to 0.1, with average values lying around —0.01 (Fan et al., [1996; Balaguer-
Nunez et al., 2007; Taylor, 2007; Jacobson et al., 2011, the most recent of which
reports —0.01 £0.05). Thus, the stars of M67 bear remarkable similarities to the Sun
in both age and composition, making them a perfect platform for comparison.

The cluster has been surveyed many times in the past (see e.g./Johnson & Sandage,
1955}, [Eggen & Sandage, 1964; |[Racine, |1971; Montgomery et al., [1993)), each iteration
following improvements made to photometric observations. Members have been cat-
alogued several times based on proper motion (Sanders| |1977; Loktin, [2005; Yadav
et al., |2008) and radial velocities (Mathieu et al., [1986; Yadav et al., 2008; Pasquini
et al.| 2008;|Geller et al., 2015, hereafter ‘G15’). G15 report 1,278 candidate members,

making M67 the richest, relatively nearby, solar-age open cluster. The CMD for M67
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Figure 1.6: CMD from |Geller et al,| (2015), with single members (‘SM’) in black,
binary members (‘BM’) in red, and binary likely members (‘BLM’) in yellow.

from G15 can be seen in Figure , where the membership type (i.e. single member,
binary member, or binary likely member) is indicated by the colour of each point, as
classified by G15. Of the 1,278 candidate members, G15 have only confirmed 562.
M67 has been the target of a wide range of astrophysical studies. |Gilliland &
Brown (1988) used M67 first as a testing ground for processing CCD photometry on
large, dense groups of stars before |Gilliland & Brown| (1992)) looked at the p-mode
oscillations of member blue stragglers to back out important information regarding
the stars’ formation history and structure. |Gilliland et al.| (1993)) attempted a more
complete asteroseismic study on M67, finding evidence of oscillations for a substan-
tial percentage of member stars. [Janes & Smith| (1984) discovered the homogeneity
in composition for member giants. Mathieu & Latham| (1986) looked at how spec-
troscopic binaries and blue stragglers were concentrated spatially within the cluster

itself, and Mathieu & Mazeh! (1988) used M67 to trial the use of binary circularization
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timescales as age indicators. VandenBerg et al.| (2007) and [Magic et al. (2010) applied
isochrones to M67 in an effort to understand the constraints on solar metallicity and
the shape of the cluster’s CMD, specifically with respect to the main sequence turn-
off. The photometric precision offered by the K2 mission (see Section has more
recently prompted the ‘K2 M67 Study,” a collaboration dedicated to a wide range of
topics, including a few of those mentioned above (see e.g. Leiner et al., 2016; Stello
et al.l 2016; Sandquist et all [2018). However, until the K2 mission, rotation period
measurements of M67 — necessary for testing out gyrochronology — were nonexis-
tent due to the lack of sufficient precision to detect the low-amplitude modulation of
solar-age stars. We will return to this advancement in Section [I.5] and it forms the

foundation for this thesis.

1.4 Brief History of Rotation Period Measurements

M67 provides the unique opportunity to test both gyrochronology and the weakened
magnetic braking theory of van Saders et al. (2016 through the measurement of
member rotation periods. Stellar rotation periods, in one form or another, have
been measured and recorded since the early 1900s. Before high-precision photometry
allowed for the direct measurement of rotation periods, the determination of rotational
velocities from spectral line broadening dominated the effort for much of the twentieth
century. Rotational velocities are usually denoted as vsin¢, and they provide a lower
limit to a star’s rotation period, since the inclination (and radius) of the star is
uncertain unless the star is a member of an eclipsing binary.

Early discussions on how line widths can be translated into the corresponding
vsini measurement can be found in Shajn & Struve| (1929) and |Elvey| (1930); the
latter specifically looks at one of the more common lines for vsini, namely Mg II

4481. Since then, many studies have produced vsini for thousands of stars, lead-
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ing to significant advancements in the understanding of stellar evolution. The Mt.
Wilson observatory contributed heavily to v sin ¢ measurements, releasing over 23 000
measurements for 7200 stars observed between 1901 and 1952 (Abt| (1970, [1973).
The cumulative work of [Slettebak| (1954)), Slettebak| (1955)), and [Slettebak & Howard
(1955)) found the rotational velocities of hundreds of stars for spectral types ranging
from early G to B using the Mg II 4481, Fe I 4071, and He I 4471 lines, concluding
in the process that there is an observed relationship between stellar rotation and lo-
cation on the H-R diagram. This body of work also offered evidence that rotation
period increases from A to G on the main sequence, and that stars later than F5
appear to have little rotation, in general agreement with a contemporary study by
Herbig & Spalding| (1955). |Abt & Hunter Jr| (1962)) focused specifically on clusters
and associations, looking at members from I Lacerta, I Orion, o Persei, and the
Pleiades. They found that the different groups of stars had their own dependencies
on luminosity separate from one another, and that there appeared to be an inverse
correlation between the number of spectroscopic binaries present in each group with
the average rotational velocity, presumably due to how the total angular momen-
tum is distributed between the orbit and each component’s rotation period (Abt &
Hunter Jr} 1962). A review of the rotational velocities of low mass stars, both PMS
and along the main sequence, is given by Stauffer & Hartmann| (1986)), coming at a
time when v sin ¢ measurements started to be replaced with rotation periods through
photometric means. However, rotational velocities are still important today, as they
offer a critical point of comparison for directly observed rotation periods (see e.g.
Nielsen et al., 2013b).

By the early 1980s, advances in photometric observations had allowed for the
measurement, of stellar rotation periods without any dependence on either stellar ra-
dius or orbital inclination. This was done through photoelectric photometry. Used

even as early as 1955 to obtain the CMD for the old open cluster M67 (Johnson &
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Sandage, 1955)), photomultiplier tubes amplified the incoming signal from the star
within a narrow wavelength band to measure flux. The critical Ca H and K emission
surveys of stars in the solar neighborhood conducted at the Mt. Wilson observa-
tory were obtained through photoelectric photometers (Wilson|, |1968|, [1978; Vaughan
et al}|1978), and an example of using photoelectric photometry for the acquisition of
rotation periods can be found in |Dorren & Guinan| (1982). Often, to produce target
light curves, data acquired from photoelectric means required differential photometry,
where both the target and several comparison stars are observed within a survey. A
light curve is created by comparing the changes in intensity from the target relative
to the comparison stars, and the latter relative to each other, over time. Rotation
periods can then be determined from spot modulation in the light curve.

Variations of differential, photoelectric photometry were utilized extensively on
open clusters during this time. To avoid having to assume that the comparison stars
were not variable, studies such as Radick et al.| (1982)) used the average intensity of
cluster members as their point of comparison for individual targets to find several
rotation periods in the Pleiades and Hyades. A follow-up study of the Hyades from
Radick et al.| (1983a)) found an inverse relationship between brightness and variabil-
ity, a similar conclusion to that of Radick et al.| (1983b]), who looked specifically at
chromospheric emission and its relationship to the amplitude of variability. [Lock-
wood et al| (1984) and [Radick et al.| (1987)) compared the majority of a sample of
Hyads with corresponding measurements from Mt. Wilson observations, including
Ca H and K intensities. This study was particularly important for confirming that
later, main-sequence stars typically exhibit lower amplitude variability in their light
curves, and that the Hyades follows the Rossby relation between rotation period and
chromospheric activity.

The advent of CCD photometry, however, revolutionized the field by allowing for

long-term, simultaneous, high-precision monitoring of stellar fields. The combined
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work of Prosser et al.| (1993a)), Prosser et al. (1993b)), and [Prosser et al.| (1995) used
CCD photometry to precisely measure the rotation periods of tens of stars in open
clusters, including o Persei and the Pleiades, as well as a field T Tauri star. The last of
these studies was able to correlate rotation period with X-ray activity, finding a break
beyond periods of about 7d. A more ambitious undertaking that took advantage of
the power of CCD photometry was that of the Monitor project (Aigrain et al., 2007;
[rwin et al., 2007b)), which used 2m and 4m telescopes to acquire light curves for
over 10000 stars. The Monitor project systematically measured hundreds of rotation
periods of low mass stars from several open clusters across a range of ages, including
NGC 2362 (5Myr; Irwin et al.|2008a), NGC 2547 (~39 Myr; Irwin et al. 2008b)),
M50 (130 Myr; Irwin et al.|2009), NGC 2516 (150 Myr; Irwin et al.|[2007a), and M34
(200 Myr; Irwin et al.[2006)). Other important rotation period measurements studies
using CCD photometry include the 5-month re-observation of M34 by [Meibom et al.
(2011)) on a 0.9 m telescope, in which two distinct sequences were found for young, low
mass stars. A similar approach to M35 was taken by Meibom et al.| (2009), where a
clear relationship between period and mass at 150 Myr was again revealed by the 300
measured periods, leading to the calibration of gyrochronology relations previously
described. In addition, Hartman et al.| (2009) investigated the relationship between
variability, colour, and period from the 575 periods of solar-like stars in the ~550 Myr
M37, using a combination of CCD photometry and v sini measurements to provide
important test points for gyrochronology.

The search for planets outside our Solar System prompted other large-scale pho-
tometric studies whose data could be used for other astrophysical pursuits, including
stellar rotation and angular momentum studies, when CCD photometry enabled the
first detection of an exoplanet transiting in front of its star (Charbonneau et al.,
2000)). These dedicated programs include the Hungarian Automated Telescope net-
work (HATnet) (Bakos et al.. 2004) and SuperWASP (Pollacco et al., 2006), where
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‘WASP’ stands for ‘Wide Angle Search for Planets.” While important for exoplanet
discovery, these platforms enabled advancements in the understanding of angular mo-
mentum evolution. Hartman et al.|(2010) used HATnet data to determine the rotation
periods of over 350 solar-like Pleiades stars which could be compared to periods from
M35 to acquire a spin-down timescale for young, low-mass stars. |Collier Cameron
et al. (2009) and Delorme et al.| (2011) both analyzed Super WASP data, finding tight
relationships between colour and period for the ~600 Myr Coma Berenices, Praesepe,
and Hyades clusters. These ground-based programs, along with the independent open
cluster studies mentioned above, enriched the literature with thousands of rotation
periods acquired from high-precision CCD photometry.

The potential of CCD photometry has not been limited to ground-based obser-
vations, however. Space-based platforms have caused the field to explode due to the
precision achievable without atmospheric interference. These started with MOST, a
microsatellite launched in June 2003 and initially dedicated to asteroseismic stud-
ies (‘MOST"’ stands for ‘Microvariability & Oscillations of STars’) of solar-like stars,
pulsators, and Wolf-Rayet stars (Walker et al.| 2003; [Matthews| 2007). While not
specifically used for rotation purposes, MOST used two CCDs in conjunction with a
150 mm aperture to acquire asteroseismic data (Walker et al., 2003) and eventually
even light curves for planetary searches (see e.g. Miller-Ricci et al., 2008b.a), pro-
viding a glimpse of the true potential of space-based photometry. Three and a half
years later saw the launch of the CoRoT mission, a French-funded satellite originally
dedicated to both asteroseismology and the discovery of exoplanets through the si-
multaneous observation of 12000 stars using a 27 cm telescope (Michel et al., 2008}
Baglinl et al., [2009). The CoRoT mission has been successful both in finding planets
(see e.g. Barge et all 2008} |Alonso et al., 2008; Bouchy et al. [2008; |Aigrain et al.
2008; [Moutou et al., 2008; [Deleuil et al., 2008; Rauer et al., 2009, etc.), rotation

studies (see e.g. Affer et al., 2013; |Stauffer et al., [2014), and asteroseismology (see
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e.g. |Appourchaux et al., [2008; Bruntt, 2009 |Hernandez et al., |2009} [Kallinger et al.|
2010).

While MOST and CoRoT ushered in the era of wide-field, space-based photome-
try for the purpose of hunting exoplanets, the NASA Kepler mission has set the new
standard. Launched in 2009, the mission sought to discover Earth-like, habitable
planets while simultaneously monitoring over 150000 stars (Jenkins et al., 2010),
reaching precision down to 84 ppm for 6.5-hour combined differential photometric
precision (CDPP) (Borucki et al., [2010; Koch et al.| 2010; |Christiansen et al., 2012).
The data from this mission, and its secondary mission K2, have produced spectacular
results, detecting thousands of exoplanet candidates and producing light curves well-
suited for variability and asteroseismic studies in the process. Both the Kepler and
K2 missions will be discussed in more detail below. While designed for a different
purpose, i.e. understanding the structure and history of the Milky Way, the Euro-
pean Space Agency’s Gaia mission surpasses Kepler in scope, providing astrometric
and spectral data for ~1 billionﬁ] stars, including rotational velocities (Katz et al.,
2004; |Gaia Collaboration et al., |2016]). Gaia Data Release 2 (DR2) has recently
become available, and rotation periods for nearly 150000 stars have already been
identified (Lanzafame et al., [2018]). DR2 has also catalogued 1526 members for M67
(Gaia Collaboration et al. 2018)). Finally, the follow-on mission to Kepler and K2,
the Transiting Exoplanet Survey Satellite (TESS), will survey nearly the entire sky,
accumulating anywhere from ~27 — 350 days of observation for each target (Ricker
et al 2014). TESS was launched in the spring of 2018 and has begun preliminary

operations.

3http://sci.esa.int/gaia/47354-fact-sheet /
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1.5 Kepler and K2

As briefly mentioned above, the advent of NASA’s Kepler mission revolutionized
both the exoplanet and stellar variability fields of study. With respect to its principal
mission, Kepler discovered almost 4,500 exoplanet candidates, over half of which were
later confirmed using a combination of detailed light curve analysis and ground-based
follow-up (Thompson et al. 2017)). However, Kepler has proven to be invaluable for
research into stellar variability, thanks to its unprecedented levels of photometric
precision. Key Kepler large-scale rotation period studies include those of |McQuillan
et al. (2013), Reinhold et al.| (2013)), McQuillan et al.| (2013)) (letter), [McQuillan et al.
(2014)), Nielsen et al. (2013a), |Garcia et al. (2014)), and Reinhold & Gizon| (2015).
These studies measured the rotation periods of tens of thousands of Kepler field stars
(there were very few clusters in the original Kepler FOV), including planet-host stars.
Along with the ground-based studies mentioned above, they helped bring to light a
number of interesting trends, including, for example, the bimodal period distribution
shown by late K and M-dwarfs, and the correlation between stellar temperature,
rotation period, and the spread therein, which may be related to differential rotation,
active region evolution, or a combination of the two. The measurement of FGK dwarf
rotation periods in the 1 Gyr NGC 6811 (Meibom et all 2011)) and 2.5 Gyr NGC 6819
(Meibom et al.; 2015) was a result of the ‘Kepler Cluster Study,” extending for the
first time the gyrochronology P-t-M surface beyond ~600 Myr. Kepler data has also
been utilized for asteroseismic age determination (Garcia et al. [2014; Angus et al.|
2015; van Saders et al.,|2016), and these studies have called into question the behavior
of stars at older ages and the applicability of gyrochronology further along the main
sequence, as previously mentioned.

While M67 does have great scientific potential in removing some of the ambiguity
in this regard, there are intrinsic difficulties in finding rotational modulation among

its members, the most obvious being the generally low amplitude of variability in



Chapter 1. Introduction 38

middle-aged, solar-like stars (Mamajek & Hillenbrand, 2008; Radick et al., |1995,

11998; Hempelmann et al., (1996} Baliunas et al., [1998), which is only on the order of

a few tenths of a percent. This necessitates high-precision observations of the cluster
beyond that of ground-based platforms. The best chance for such observations come
from K2, the second of phase of the original Kepler mission initiated after two of the
spacecraft’s reaction wheels ceased to operate in 2013. Unlike the ~360d observation
windows from Kepler, K2 campaigns last approximately 75d and focus on regions
around the Ecliptic, using a combination of thruster firings and solar pressure to
retain a large degree of pointing stability. While this ingenious solution from Ball
Aerospace engineers allows the Kepler spacecraft to continue to provide invaluable
science, it does mean that K2 data suffer from reduced precision relative to the

original mission, as well as a characteristic ‘sawtooth’ pattern on 6-hr timescales

(Vanderburg & Johnson| [2014; Vanderburg et al., 2016|). The loss in precision also

comes from aperture losses and differences in sensitivity within and among pixels as

the target rolls across the spacecraft’s boresight (Howell et al 2014). For example,

while the precision for Kepler at K, = 10 was 10ppm on 6-hr CDPP timescales,

the early K2 precision was about 80ppm at V = 12 for the same timescale, and

400 ppm for the 30-minute, long-cadence data (Christiansen et al., 2012; [Vanderburg

& Johnson| 2014).

The reduced photometric precision spurred the development of various pipelines

to address the unique systematic features inherent in K2 data, and with resounding

success. These include K2VARCAT (Armstrong et al., 2014, |2016), the approach of

Huang et al| (2015), PSF-fitting (Libralato et al., [2016), K2P? (Lund et al., 2015),

and EVEREST (Luger et al. 2016). The two most important pipelines for this

thesis, however, are the K2 Systematics Correction (K2SC) pipeline (Aigrain et al.,

2015a), 2016)) and K2SFF (Vanderburg & Johnson| 2014} Vanderburg et al., [2016)

combined with the Kepler single-scale PDC-MAP (see Section in Chapter 2).
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We will discuss these various photometric and detrending techniques in the following
section. A number of these detrending pipelines — including K2SC and K2SFF
— have achieved photometric precision within a factor of two or better of Kepler
for stars fainter than K, = 12.5, while nearly matching the original precision for
brighter stars. As a result, K2 has already been successful in producing high-quality
results for other (albeit younger) open clusters, particularly the Pleiades (Rebull
et al., 2016ayb; Stauffer et al., 2016 and Hyades (Douglas et al., 2016)). [Stauffer et al.
(2016) found in the Pleiades evidence supporting the break in angular momentum
loss from magnetized winds at F5, and they illustrate how the shape of the sequence
of slow-rotating stars could imply age. With respect to the Hyades, [Douglas et al.
(2016)) suggest that magnetic braking is more effective than what previous literature
had claimed. Importantly, the first M67 rotation periods have been acquired and
published through the analysis of K2 Campaign 5 data (Barnes et al., 2016; Gonzalez,

2016b,a). We address these results in Chapters 3 and 4.

1.6 Photometric and Detrending Techniques

As previously mentioned, the Kepler spacecraft takes advantage of CCDs to simul-
taneously observe over 150 000 stars. There are several families of photometric tech-
niques, post CCD pixel-level calibration (dark current, flat field frames, bias frames,
etc.), that can then be applied to extract light curves from the raw data. Aper-
ture photometry comprises the first category; Da Costa; (1992) and Mighell (1999)
both provide concise reviews on the subject. According to [Da Costal (1992), there
are three main steps to aperture photometry: determining the center of the target
image, estimating background intensity, and then determining the amount of flux
coming from the actual target. The first step can be done in several ways. |Da Costa,

(1992) gives as examples the marginal sum technique (Auer & Van Altena, |1978;



Chapter 1. Introduction 40

Stetson, [1979), in which the intensity is marginalized over the X- and Y-pixels and
then fit to a Gaussian, and centroid determination, in which intensity centroids are
computed after determining the mean intensity of target pixels. We can estimate the
background by finding the mean, median, or mode (or all three together) of all the
pixels and iteratively removing those with intensities above a certain threshold from
the calculated value (Da Costay, 1992). Finally, an aperture, whose shape takes the
form of either a pixellated or ‘soft-edged’ circle, is placed over the target. The size
of the aperture’s radius depends on the brightness of the star; brighter stars require
larger apertures to optimize the amount of measured flux while fainter stars typically
have smaller apertures to avoid background contamination. Examples of pixellated
apertures applied to K2 data can be found in |Armstrong et al.| (2014)) and |Armstrong
et al.| (2016)), while circular apertures are utilized by [Vanderburg & Johnson| (2014)),
Aigrain et al| (2015a), [Huang et al.| (2015), and Vanderburg et al.| (2016). The aper-
tures can also be ‘fixed’ or ‘moving,” meaning they do not change pixel location from
frame to frame in the case of the former, or they move with the image centroid in
the case of the latter. Vanderburg & Johnson| (2014) and |Armstrong et al. (2014) use
fixed apertures, while |Aigrain et al.| (2015a) use moving apertures. The intensities of
the pixels within the aperture are then summed and the background is subtracted to
provide a flux value at each frame. We make use of the technique from |Aigrain et al.
(2015a)) in this thesis, and we will discuss it in more detail in Chapter 2.

The next major category for the photometric extraction of light curves is the
fitting of the point spread function (PSF). A detector’s PSF describes the shape of
its response to incoming light, which can be estimated as coming from a point source.
Da Costal (1992) also provides a review on PSF-fitting. Assuming that all the pixels in
a given frame vary by a scaling ratio, fitting a PSF to each successive frame reveals the
relative intensities of each target, though this leads to uncertainty when converting

to proper magnitudes (Da Costal 1992). PSF-fitting is much easier to accomplish
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using space-based observatories because no accounting has to be made for seeing.
Early programs for PSF-fitting include the well-used DAOPHOT (Stetson, |1987)), the
STARMAN pipeline for photometric observations of the globular cluster NGC 6752
(Penny & Dickens, 1986)), and the program DoPHOT (Mateo & Schechter, 1989).
More recently, |Anderson & King (2000) and |Anderson et al.| (2006) have modified the
traditional approach to PSF-fitting by using what they call an ‘effective’ PSF. Instead
of trying to fit the actual PSF of the instrument, one can instead model an effective
PSF that describes how much light from a star should fall within a given pixel based
on that pixel’s location on the detector (Anderson & King, 2000). Libralato et al.
(2016)) built off both of those works to produce light curves from K2 data.

Difference imaging makes up the final family of photometric extraction techniques.
The idea, originally conceived by [Crotts| (1992) for the purpose of detecting microlens-
ing events, suggests that if each CCD image of a given field in an observing campaign
is subtracted from a template image with a high signal-to-noise ratio, one can con-
struct light curves of variable targets based on the differences in measured intensities.
Tomaney & Crotts (1996) dubbed this approach ‘difference image photometry,” and
fully implemented the idea of |Crotts| (1992) for the first time. While this method
is particularly useful for crowded fields, it requires matching the PSF intensities of
each target image with that of the template, which is a difficult task (Tomaney &
Crotts, 1996). This PSF matching has to be done in order to correct for differences
in seeing when observing from the ground, and Alard & Lupton (1998) created a
pipeline which optimized this process. Microlensing collaborations, such as the Prob-
ing Lensing Anomalies NETwork, or PLANET (see e.g. |Albrow et al., 1998, 2009,
and references therein), have utilized difference imaging with success, but the basic
technique can be applied to variability studies, as well.

The term ‘detrending’ refers to the identification and removal of artificial features

or trends in the extracted light curves generally known as ‘systematics.” Systematics
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have to be corrected, or at least understood to an extent, before one can properly
analyze a light curve. Systematics often arise from the small movement of the target
across a pixel on the detector, since one part of a given pixel may be more sensitive
to incoming light than another. Inter-pixel variations, or flat-field residuals, have a
similar effect. Intra- and inter-pixel variations comprise what is known as position-
dependent systematics, which are often corrected by modeling the correlation of in-
tensity with X- and Y-pixel location. This approach has been widely used for the
infrared space telescope Spitzer. For example, (Charbonneau et al.| (2005) employed
this technique while measuring the photometric emission of the planet orbiting TrES-
1. Some studies measure the correlation by fitting a polynomial to a function that
describes flux as a result of X- and Y-pixel position. Knutson et al.| (2008]), Machalek
et al.| (2008)), and Shporer et al|(2014) apply quadratic fits, utilizing MCMC to de-
termine the best-fit parameters for the coefficients, in order to find exoplanet thermal
emission from the light curves. This approach requires accurate image centroids.
Ballard et al. (2010) presented a different method for modeling systematics, de-
scribed as a ‘point-by-point correction.” Binning the flux of a light curve, they derived
the value of a weighted sensitivity function for each binned ‘point’ by weighting the
flux of the un-binned points based on the X- and Y-pixel distance from the point in
question. Avoiding astrophysical variations (from, for example, a transit signal) with
a mask, the correction is completed by dividing each point by the corresponding value
in the normalized sensitivity function (Ballard et al., [2010]). Stevenson et al.| (2012)
built on the work of Ballard et al.| (2010) to create a computationally faster algorithm.
In their analysis of the transiting exoplanet HD 149026b, |Stevenson et al.| (2012) per-
form what they dub ‘bi-linear interpolated sensitivity mapping,” or ‘BLISS.” In this
method, the pixel surface is mapped in such a way that ‘knots’ of data are identified
(as opposed to simple bins), although their positions are also modeled with weighted

flux values. Applications and variations of the method of [Ballard et al.| (2010) and



43 1.6. Photometric and Detrending Techniques

BLISS can be found in |Cowan et al. (2012), |Lewis et al.| (2013)), Lanotte et al. (2014),

and Zellem et al, (2014).

Pixel-level decorrelation, or ‘PLD,’ is another novel approach to systematic correc-

tion originally developed by Deming et al.| (2015) for Spitzer data. Because variations

in flux within a given pixel are proxies for position effects, one can directly use inten-

sities as opposed to relying on accurate centroid determinations (Deming et al., 2015;

Luger et al.,|2016). PLD works by normalizing intensities within a specified aperture

and then using them as the basis for a least squares fit, effectively avoiding the astro-

physical signal while isolating the systematic trends (Luger et al., 2016). [Luger et al.|

(2016)) use PLD to model light curves from K2 data, adding a principal component
analysis (PCA; see below and Chapter 2 for more details) to the method of
(2015)) in order to put limits on the fit. While not ideal for a crowded field

(Luger et al., 2016, 2017), PLD automatically corrects for differences in sensitivity

between pixels, is analytic in nature, and is computationally inexpensive.

Many other systematic correction techniques are available in the literature, and
we list a few more of them here. The trend filtering algorithm (TFA) of
and the external parameter decorrelation (EPD) of Bakos et al| (2007) and

Bakos et al.| (2010) have been used by, for example, the K2 pipeline of
(2015). The former performs the correction by calculating the linear combination

of a set of template light curves that represent the common trends existent in the
dataset and subtracting it from each light curve. This approach is similar to that of
the PCA we use in this thesis. On the other hand, EPD cross-correlates any depar-

tures from the median intensity of each light curve with a variety of factors, including

pixel location (Bakos et al. 2007). In the K2VARCAT pipeline, a surface made up

of the centroids of pixel locations based on the measured flux is created, and divid-

ing the binned median flux along the surface corrects the light curve. Finally, the

Astrophysically Robust Correction (ARC; Roberts et al.2013) and ARC2 (Aigrain
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et al} |2017) model common-mode trends with co-trending basis vectors which imple-
ment Bayesian-like inference to remove systematics without affecting astrophysical
variability in Kepler data. ARC and ARC2 are similar to the systematics removal
pipeline designed specifically for the Kepler mission and addressed by [Stumpe et al.
(2012), Stumpe et al.| (2014)), and Smith et al.| (2012). We discuss the Kepler pipeline
in more detail in Chapter 2, along with the K2SFF and K2SC pipelines, developed

specifically for K2 data and applied in this thesis.

1.7 Rotation Detection Techniques

With respect to actually measuring the rotation periods themselves, the literature is
filled with a wide variety of different approaches and tactics. Chapter 3 is dedicated
to a more in-depth discussion of the techniques relevant to this thesis, so we will
limit this section to a brief overview of three broad ‘categories’ of period detection
methods and their respective pros and cons. We define these categories as Fourier-
based, statistic-based, and Bayesian.

For our purposes, a Fourier-based method constructs a periodogram based on the
Fourier transform (FT) of the data. This reveals the dominant frequency modes in
a light curve, which, for a periodic signal, should indicate the value of the period.
Wehlau & Leung (1964) present a detailed description of how this works, as well as
some of the problems that may arise when using this approach. For example, compet-
ing peaks in the periodogram resulting from different sources (i.e. those not related
to a periodic, astrophysical signal but lingering systematic trends) may lessen the
significance of the real peak, leading to false detections (Wehlau & Leung, (1964). In
addition, F'T' periodograms can be computationally slow, though one can implement
different strategies to speed up the process (see e.g. |[Fitch, [1967). However, these

periodograms do not need evenly-spaced data (they actually benefit from irregular
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sampling), and in some cases, do not even require the computation of the FT. The
best example is the Lomb-Scargle periodogram (Lomb), [1976; [Scargle, 1982), which is
equivalent to the Fourier-based method but merely calculates the least squares fit of
a sinusoidal model. We discuss this special periodogram in more detail in Chapter 3.

Statistic-based methods hearken from the traditional approach of testing a range
of periods to see which one can produce the least amount of scatter with respect to the
mean flux of a given light curve (Stellingwerf, |1978). [Lafler & Kinman| (1965)) famously
automated this process, setting the foundation for rotation detection techniques which
require the computation and minimization of a statistic that expresses how well a
period fits the data. Examples of statistic-based methods include phase dispersion
minimization (Stellingwerf, 1978) and minimum string length (Burke et all [1970;
Dworetskyl, [1983)), which both use phase curves to compute their respective statistics;
these are described in Chapter 3. The primary advantages of statistic-based methods
is that they are computationally very quick, can be utilized on irregularly sampled
data, and do not require a functional form in modeling the light curve. In general they
do not, however, have a way of deciphering between the true period or its harmonic, for
example, and may pick the latter over the former. The autocorrelation function (also
discussed in Chapter 3) is technically statistic-based, as well, but it requires evenly-
sampled data and, for periodic signals, provides a clue to the difference between the
actual period and its half harmonic.

The third main category of rotation detection methods presented in this thesis
is the Bayesian approach. This involves applying Bayes’ Theorem (see Chapter 3)
in order to determine the probability distribution of a set of parameters (e.g. the
period of a signal) with respect to the data. The parameter set that maximizes
the likelihood that the data can be explained by those parameters is chosen. This
was first utilized for the purpose of detecting rotation period searches in light curves

by |Gregory & Loredo| (1992), and Gaussian processes (GPs) take it a step further;
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more detail regarding both of these approaches is given in Chapter 3. The Bayesian
approach allows for many different models to be tested, and it only depends on
specifying a range of test periods as opposed to a fixed set (Gregory & Loredol [1992).
In addition, this method leads to the determination of period uncertainties and does
not require regularly sampled data (Gregory & Loredo| |1992)). Just as with the other
category of methods, however, lingering systematic features can ‘fool’ this method,
and, depending on the type of Bayesian approach used, can be very computationally
slow. Furthermore, human decision-making is involved in the decision of which models
to test directly with Bayesian inference or, in the case of GPs, how the covariance

between data points is to be modeled.

1.8 Thesis Structure

Age-dating a field star on the main sequence is a difficult task, as few observable
characteristics change noticeably throughout this lengthy, stable phase of a star’s
life. As a relatively nearby, solar-age cluster, M67 offers the perfect opportunity to
determine if established gyrochronology relations, which offer rotation as a convenient
indicator of maturity and hold fast up to at least 2.5 Gyr (Meibom et al., 2015)), still
apply for older, main-sequence stars. Alternatively, the cluster provides a rich testing
ground for more complex theories regarding the angular momentum evolution of stars
with slightly greater masses than the Sun. Asteroseismology has given evidence that,
as they begin to evolve onto the subgiant branch, these stars are rotating faster than
what gyrochronology would predict, suggesting that at some point during the main
sequence, the magnetic field strength decreases, reducing the efficiency of the angular
momentum loss in those stars (van Saders et al., [2016). This anomalous rotation
further highlights the empirical nature of gyrochronology, urging the need for a more

physical understanding behind the angular momentum evolution of main-sequence
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stars.

It is clear, then, that acquiring a set of accurate rotation periods from M67 is
highly desirable. We can now attempt this thanks to the relatively high-precision
data from the space-based K2 mission and its observation campaigns conducted along
the Ecliptic. This thesis, which details the steps taken in pursuit of this goal and
the subsequent implications the periods themselves have for the angular momentum
evolution of solar-age stars, is structured as follows: In Chapter 2, we outline our
method for the extraction and correction of K2 light curves. We explore rotation de-
tection techniques in Chapter 3, determining our own preliminary set of M67 rotation
periods. This set of rotation periods, however, showed considerable scatter, and we
found general disagreement with the published values of Barnes et al.| (2016). These
disconcerting results, combined with the even greater scatter found in the follow-on
periods by (Gonzalez| (2016a)), motivated a comprehensive round of sinusoidal injection
tests to probe our best-case sensitivity limits in finding solar-like signals from a single
campaign of K2 data, presented in Chapter 4. Based on what we learned from the
sinusoidal injection tests, we use smaller, more realistic injections with realistic star
spot model signals from |Aigrain et al. (2015b)) to develop in Chapter 5 an algorithm
that combines several rotation detection techniques to find periods from both single
and multiple campaigns of K2 data. Here, we present a list of ‘final’ rotation periods,
which we then analyze in the context of gyrochronology and angular momentum evo-
lution models, as well as tidal evolution theory for a sample of binaries, in Chapter

6. Finally, our main conclusions are summarized in Chapter 7.
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Light Curve Extraction and

Detrending

Calvin and Hobbes by Bill Watterson
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Critically, M67 was first observed during K2 Campaign 5 (C05), which took place

from April to July 2015E] The typical series of ‘postage stamp’ images, known as

target pixel files (TPFs), account for individual stars on the outer edges of the cluster,

while a larger ‘superstamp’ encompasses the crowded regions of the centre. M67

Sections of this Chapter have been published as [Esselstein et al.[ (2018).
Thttps:/ /keplerscience.arc.nasa.gov/k2-fields.html

48



49 2.2. Light Curve Extraction

was very recently re-observed during Campaign 16 (C16; discussed in Chapter 5),
and again for a final time in Campaign 18 (C18; just completed at the time of this
writing), but we focus here on the C05 light curves to illustrate how we extract
and process the light curves from this important cluster. In addition, this chapter
documents our attempts to maximize light curve precision in the face of the systematic
features inherent in K2. Section [2.2] focuses on the light curve extraction methods we
employed to produce light curve files. These include the standard Kepler processing
pipeline, as well as the manual construction of the M67 superstamp followed up
by source identification, astrometric solution determination, and target matching.
Section details the removal of systematics from individual stars, presenting an
overview of K2SC and how it works to correct position-related artifacts (though for
a more in-depth description, the reader is referred to |Aigrain et al.2016). This
section also outlines our approach to remove long-term, common-mode trends in the
K2 M67 data that could interfere with the accurate determination of rotation periods
from the cluster. The whole process for extraction, detrending, and common-mode
systematic removal to produce light curves ready for analysis is hereafter referred to
as the ‘Oxford’ pipeline. Estimates of final light curve precision from C05 are given
in Section Finally, Section provides a brief, analogous description of K2SFF
combined with Kepler PDC-MAP, known collectively as the ‘CfA’ pipeline, before

we comment on the quality of the light curves produced by both the Oxford and CfA

pipelines in Section

2.2 Light Curve Extraction

The Oxford pipeline ultimately produces two sets of light curves for M67. The first
is derived from the Kepler pipeline using simple aperture photometry, and is known

as the ‘SAP’ dataset. While the Kepler spacecraft has a sizable field-of-view of 116
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square degrees[] telemetry limitations restrict data to individual ‘postage stamps’ of
each target, the sizes of which are determined based on each star’s brightness. Falling
into this category, the SAP stars constitute the outer edges of M67, and their raw light
curves are available directly from the Mikulski Archive for Space Telescopes (MAST).
The second set, known collectively as the ‘superstamp,’ is a bit more complicated,
as the crowded inner regions of the cluster would make obtaining individual postage
stamps for each member star both gruelingly difficult and inefficient. Therefore, we
essentially stitch together a bunch of indiscriminate (i.e. they may contain more than
one star) postage stamps covering the cluster’s centre and identify individual targets
from this larger image. The extraction process for each dataset will now be described

in more detail.

2.2.1 Kepler Simple Aperture Photometry

The raw (i.e. not yet corrected for star-by-star and common-mode systematics) SAP
light curves are a mid-level product of the overarching Kepler pipeline at the Sci-
ence Operations Center (SOC) at NASA Ames, which consists of three main parts
in producing usable flux time series: pixel-level calibration (CAL), photometric anal-
ysis (PA), and pre-search data conditioning (PDC)f| A schematic provided by the
NASA Kepler & K2 Science Center is given below in Figure Each target is ob-
served and then downloaded as either ‘long cadence’ , with the total exposure lasting
approximately 30min, or ‘short cadence,” where the final exposure time is roughly
1 minf] We only use the long-cadence data for our light curves. The CAL step then
implements the standard pixel calibrations to create the TPF's, accounting for CCD
channel-specific bias, thermally-induced dark current, and inter-pixel differences (i.e.

the flat field calibration) (Quintana et al., [2010)). In addition, CAL corrects for the

Zhttps:/ /keplerscience.arc.nasa.gov /the-kepler-space-telescope.html#field-of-view
3https://keplerscience.arc.nasa.gov/pipeline.html
“https:/ /keplerscience.arc.nasa.gov/data-products.html
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Figure 2.1: Schematic of the data extraction and processing steps within the Ke-
pler pipeline (image publicly available from the online NASA Kepler & K2 Science
Center).

smear that results from the lack of a shutter on the Kepler photometer during CCD

read-out, under- or overshooting distortions, and any nonlinear departure from the

modeled gain (Quintana et al., 2010)).

After CAL, the pixel data are ready for PA, which includes the actual application
of simple aperture photometry. Before this step, however, PA searches for abnormal-

ities around each target star within each cadence, such as anomalously increased flux

levels known as ‘Argabrightening events’ and cosmic ray hits (Twicken et al., 2010).

Then PA models and removes the background for each target. At this point, each

pixel is modeled by the Kepler pixel response function (PRF) (Bryson et al., 2010)),

which takes into account the effects of differential velocity aberration (DVA), space-

craft jitter, differences in sensitivity within a given pixel, and Kepler’s point spread

function (PSF) (Smith et al. 2016). The PRF is used to create a model full frame

image (FFI) for each CCD channel at every cadence, and for each target, a second FFI
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is constructed with the pixels from the target’s respective postage stamp removed,
allowing the signal-to-noise ratio (SNR) for the target to be computed (Smith et al.,
2016)). At first, only one pixel from the target is used to determine the SNR, but addi-
tional pixels are included in the calculation until the optimum SNR is reached (Smith
et al., 2016; [Van Cleve et all) [2016). This process of maximizing SNR by including
the appropriate pixels is what constitutes simple aperture photometry (Smith et al.,
2016), and the sum of the pixels within the apertures yields the flux for each cadence
(Twicken et al.| 2010). This procedure was optimized, however, by using actual data
instead of just the modeled FFI to calculate the SNR (Smith et al., [2016). After
creating the apertures, the centroids from each cadence are determined by weighting
the flux within the aperture, the target’s final brightness is computed, and a barycen-
tric timestamp correction is applied (Twicken et al 2010)). The final outputs of PA
are the raw versions of the SAP light curves, which are made available on MAST
(see Figure . These light curve files also contain predicted positions based on the
global astrometric solution used for spacecraft pointing, which are later needed for
detrending. Over 25000 SAP light curves were extracted from CO05, although we are
interested in the 1877 of those that fall on CCD module 6, which contains M67.
After PA, there is the additional PDC step in the Kepler pipeline, which prepares
the light curves for planetary transit searches (the primary mission of Kepler) by
attempting to remove common-mode systematics while preserving astrophysical sig-
nals. However, PDC does not account for the K2 sawtooth, and it comes at the cost
of reduced amplitudes for astrophysical signals with timescales greater than about
15d (Stumpe et al., [2012; |[Smith et al., [2012; |[Stumpe et al., 2014; |Gilliland et al.,
2015)). This a problem for an in-depth study of rotation in M67, where we expect to
find periods around 25 — 30d. While the PDC versions of the light curves are also

available on MAST, we do not use them, as they are not optimal for our purposes.
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2.2.2 The Superstamp

Our second set of M67 light curves contains those stars in the crowded, inner regions
of the cluster where it would be impractical to develop individual postage stamps
for every star of interest. Rather, we use a specially designated set of TPFs with
data covering the entire cluster centre at every cadence. This ‘stitching’ together
of calibrated postage stamps creates the ‘superstamp,’ though individual targets are
not yet identified. As a result, acquiring the light curves for these stars is a bit more
complicated than simply downloading the raw flux from MAST. Instead, we employ
a slightly modified version of the technique presented in Aigrain et al. (2015a)).

Somewhat similar to the production of the SAP light curves, this process involves
creating a new FFI for the CCD channel(s) on which the superstamp falls. In CO05,
M67 falls across two channels of CCD module 6 (6.1 and 6.2), so we must reconstruct
two separate FFIs for every cadence. Before we can do this, however, we must gather
some preliminary information. After using one of the superstamp TPFs to record
the observation times and which cadences may be corrupt (i.e. due to cosmic rays,
saturation events, missing data, or thruster firings), we determine the pixel location of
each TPF on the specific CCD module channel. Then, using a previously calibrated
FFT from the same campaign with an astrometric solution from astrometry.net
(Lang et al., 2010]), we create a template FFI for each channel of our superstamp
data, setting every pixel value to zero. The FFI template is then ready to be filled in
with data from the superstamp TPFs.

For each cadence and channel, we place the corresponding data from each TPF
in the proper locations on the template FFI based on the preliminary astrometric
solution, creating a frame with data for the superstamp only. Figure provides
example FFIs from C05, covering both channels 6.1 and 6.2, at a single cadence. The
regions filled in with superstamp data are highlighted by the purple rectangles. We do

not create FFIs for poor quality cadences that have been flagged due to possible cor-



Chapter 2. Light Curve Preparation 54

DEC (deg)

o o o & A N
A N v N o AN
'\',\Q :,;,v 'é? 'é\ qu'? '\?';V
<2 2 < 2 9 <
Channel 6.1 RA (deg) Channel 6.2 RA (deg)

Figure 2.2: Example superstamp FFIs from Campaign 5 for channels 6.1 (left) and
6.2 (right) at a single cadence. The superstamp regions where data have been filled
in are highlighted by purple rectangles.

ruption. With the new FFIs constructed, we generate a confidence map with a binary
mask that shows where we have data from the TPFs and where we do not (or where

a pixel did not have a finite value). We can then begin the process of source identi-

fication and light curve extraction, using the publicly available CASUTools routines

nebuliser, imcore, and wesfit (lrwin et al., 2004)).

The addition of nebuliser is an upgrade to the method outlined in
(2015a). It accounts for variable background modeling and removal for every FFI
through the use of sliding, iterative mean and median filters, which we apply, in
practice, to both the X- and Y-axes at the same timeﬂ We specify median and mean
pixel windows of 45 and 15 pixels, respectively, because the median is more robust
to outliers than the mean, and remove the background through subtraction. The
implementation of the nebuliser routine is important due to the crowded, unresolved
areas in the centre of M67, and an example of its effect is given in Figure 2.3] The

left panel displays the original image at a given cadence from the FFI of a single

Shttp://casu.ast.cam.ac.uk/surveys-projects/software-release /background-filtering
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Figure 2.3: Example effect of background removal using nebuliser on the first ex-
tension of a given C05 cadence. From left to right are the original image, the modeled
background from nebuliser, and the corrected image.

extension. The middle illustrates the modeled background from nebuliser, and the
far right panel shows the corrected image.

After nebuliser, we run imcore, which uses the confidence map and several
rounds of k-sigma clipping to filter out the remaining background and detect individ-
ual sources within the Superstampﬁ This produces a catalog of potential objects for
each frame. We also generate a master catalog using the first 20 FFIs, stacking them
into one image and running through the same steps listed above to best identify the
true sources within M67. We then cross-match the master catalog with 2MASS using
wcsfit to acquire a more precise astrometric solution. Next, we extract light curves
for every listed star at every cadence by placing a circular aperture at each star’s
sky position (as recorded in the master catalog). We use six different aperture sizes
as a way to offer flexibility based on an individual star’s brightness; larger apertures
are more optimal for brighter stars, while smaller apertures reduce the amount of

background noise which could contaminate the flux received from fainter stars. In

Shttp://casu.ast.cam.ac.uk/surveys-projects/software-release /imcore
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addition, with a crowded cluster, we have to be wary of possible light from neighbor-
ing stars spilling into a particular target’s aperture, especially since the Kepler pixels
are relatively large. Therefore, we use apertures with the following radii: 1, 2, 2v/2,
4, 44/2, and 8 pixels. As a point of reference, the full width at half maximum for
K2 images is ~1.5 pixels (Aigrain et al.| |2015a). Ultimately, from the K2 CO05 data,
we produce six different light curve versions for 1342 stars identified from the master
image.

Once the light curves are extracted, we apply a zero-point correction for the six
different apertures of all targets in each frame in a preliminary attempt to remove
some of the systematics, especially those resulting from aperture losses. We first
normalize each light curve by dividing the flux array by its median value. Next, we

calculate each light curve’s basic scatter using the following equation:

s; = 1.48 x median(| fnorm; — 1|) (2.1)

where fnorm; is the normalized flux array of object i. We use 1.48 as a scaling
factor that, under the assumption of a Gaussian distribution of fnorm;, makes the
scatter equivalent to the standard deviation. We then assign a weight to each object,
using the inverse square scatter, and compute the zero-point based on the weighted,
normalized flux. The zero-point flux for each object from a given aperture is then,
simply, the zero-point subtracted from the normalized flux. We save this flux in a new
light curve, along with the relative X- and Y-pixel locations of each target. These
have similarly been normalized for each object by computing the median and then
subtracting it from the original value for each object in each frame.

At this point, we have superstamp (SS) light curves, but we have not yet matched
each object with an actual star, identified in K2 data with an EPIC number. We need
to convert our astrometric solutions from pixels to RA and DEC so that we can match

it to a catalog of M67 EPICs. For our light curves, we use a master target list built
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off \Geller et al.| (2015) and compiled under the direction of Robert Mathieu of the
University of Wisconsin for the K2 CO05 target proposal as a way of maximizing the
number of M67 members which fell on silicon when the final pointing for the campaign
was chosen. This catalog contains 12 935 candidate members of M67. Of these, 12521
are drawn from the Kepler EPIC database, 266 come from the 2MASS calibration field
(see e.g. Sarajedini et al., 2009), and the last 148 targets make up those missing from
the EPIC database around K, ~ 19 (Gilliland & Mathieu, private communication).
Cluster membership probabilities for stars brighter than K, = 15 are based on radial
velocity and proper motion, as explained in Geller et al.| (2015). For completeness,
the catalog keeps those stars with probabilities of 20% or greater. For fainter stars,
the master list includes all potential members based on photometric membership,
unless otherwise contradicted by known radial velocities or proper motions. After we
convert pixel locations to RA and DEC using the World Coordinate System module
from astropy, we utilize the software TOPCAT to cross-match objects from our SS light
curve file to K2 EPICs from the master target list. Of the 1342 objects identified
in the CO05 superstamp, 976 have EPIC numbers from this master list (henceforth
known as the ‘Mathieu catalog’, this is not to be confused with the one developed
in light curve extraction). We restrict the SS dataset to include only these matched

objects.

2.3 Systematics Correction

At this stage, the fully-extracted SAP and SS light curves still suffer heavily from
systematics, the most dominant of which in K2 data are those due to the space-
craft’s pointing variations. These systematics fall into two primary categories, one
accounting for the short-term features which affect each star individually, the other

comprised of long-term trends which are common to a majority of the light curves.
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The former include the 6-hour sawtooth pattern previously mentioned, while the lat-
ter are products of DVA, which causes stars to drift across any given pixel, leading
to aperture losses and producing systematic features where the pixel has regions of
varying sensitivity. The next step in the Oxford pipeline is to correct these systemat-
ics, first detrending each star on an individual basis before applying a common-mode

correction to all the light curves in a given set.

2.3.1 Individual Stellar Detrending

We accomplish the star-by-star detrending using K2SC. We here give an overview
of how this method works, but it is fully described in |Aigrain et al. (2016)). K2SC
models each light curve as the sum of two unknown functions, one which depends on
the star’s pixel location on the CCD and represents the pointing systematics, and one
which depends on time and represents the star’s intrinsic variations, as well as any
residual systematics not captured by the position-dependent component. The model
is formulated as an additive Gaussian process (GP), which allows us to require that
each function has a certain degree of smoothness without having to specify its exact
form. GPs will be discussed in more detail in Chapter 3, but for now, it is enough to
know that using an additive GP also enables us to separate the time- and position-
dependent components. Removing the former from the original light curve is helpful
for looking for planetary transits, while subtracting the latter, which is dominated by
the ~6-hour drift of the spacecraft, leaves us with a light curve corrected for position-
dependent systematics only, minimizing the impact on any astrophysical variability.
K2SC also flags significant outliers in the data, which we subsequently remove since

the rotational signals we are interested in should be relatively smooth.
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2.3.2 Common-Mode Systematics Removal

While K2SC is effective at removing positional systematics occurring on short timescales,
visual inspection of the light curves post-K2SC reveals significant, residual long-term
trends in both the SAP and SS datasets. As these trends are primarily caused by DVA
(as previously mentioned), they are present in the K2 M67 light curves regardless of
the extraction or detrending techniques used. For example, two dominant trends
were noticed by Barnes et al| (2016) during their period search in M67, though they
used the PDC versions of the K2 C05 light curves available from MAST. To remove
these trends, Barnes et al.| (2016)) applied a principal component analysis (PCA). We
use this approach, as well. The PCA produces a set of principal components (PCs),
which describe the trends that explain a given percentage of the total variance in a
set of light curves. Each light curve can be modeled as a linear combination of each

PC according to the following relationship:

K
LCij = Z wikPCjk + €5 (22)
k=1

where LC;; is the flux of the light curve of star i at observation j out of N stars
in a set and M observations (i.e. cadences); w;, is the weight of the k** principal
component PCjy, for the i star, out of a total of K calculated PCs; and ¢;; describes
everything else that comprises the light curve (i.e. the astrophysical signal and noise).
Subtracting the first term in Equation removes the long-term trends.

To calculate the PCs, we first normalize each light curve by dividing by its me-
dian. We then construct an NxM matrix, where each row is the logarithm of the
normalized light curve, which produces better results than the standard re-scaling of
each light curve to have a zero mean and unit variance. We compute the singular
value decomposition (SVD) of the matrix, returning the eigenvectors, which are the

PCs; the associated eigenvalues, which tell us what fraction of the total variance of
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the dataset is explained by each trend; and a matrix of coefficients relating each light
curve to each PC (i.e. wj;). The most dominant trends in the data are represented
by the first few PCs.

Because the M67 members fall on two different output channels of a single CCD
and are read by a different set of electronics, light curves extracted from the different
channels may potentially have different systematic trends. However, we found no
significant difference between the sets of PCs calculated from an entire set, or from
each output channel in turn. On the other hand, there were much more significant
differences between the PCs extracted from the SAP and SS sets, as illustrated in
Figure [2.4] so these were processed separately. Therefore, we processed all the SAP
and SS stars, respectively, at the same time, regardless of actual cluster membership.

If PCA is applied blindly, however, large-amplitude features in individual light
curves can dominate the PCs, skewing the correction and introducing these features
in the corrected light curves of other stars. Luckily, this can be diagnosed easily
because the linear combination of PCs becomes dominated by a single star. Two
problematic stars were identified in this way in the SAP set, and were subsequently
excluded from the PC estimation: EPIC 211391083 (an eclipsing binary) and EPIC
211327533 (whose light curve contains a large discontinuity). We also excluded the
first 85 cadences (~1.8d) from the light curves before evaluating the PCs, as the
systematics are particularly pronounced in the early phase of the campaign as the
spacecraft settles into its thermal environment. When these cadences were included,
the PCA correction was of significantly lower quality, perhaps because the assumption
of linearity is not as appropriate for the very beginning of the campaign.

Usually, a threshold in the fraction of explained variance (i.e. the eigenvalue)
associated with each PC is used to decide how many PCs to include in the correction.
We experimented with different values for this threshold, and settled on 2.5% and

7.5% for the SAP and SS sets, respectively, which correspond to two PCs in both
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Figure 2.4: Principal components used to correct long-term systematics in the SAP
(left) and superstamp (right) datasets as part of the Oxford pipeline. The primary
PCs are in blue, while the secondary PCs are in orange.

cases. While we did test a range of thresholds for each dataset, too high a threshold
only produced one PC, which was not sufficient enough to explain all of the domi-
nant, common modes seen in the light curves when examined by eye, while too low
produced three or more, in which case the extra PCs were superfluous or could po-
tentially introduce unwanted features in the data. The resulting PCs from our choice
of thresholds were somewhat similar in shape between the SAP and SS light curves,
showing that these are the dominant modes in the K2 data. A range of thresholds
can produce the same 2 PCs, but the ones we chose were the on the lower end of
those ranges for both datasets. The final sets of PCs used for the SAP and SS are
shown in the left and right panels of Figure [2.4] respectively. The PCs that explain
the largest percentage of light curve variance are in blue, while the secondary PCs are
in orange. The SS PCs appear noisier than the SAP PCs because their amplitudes
are much smaller relative to the noise than the SAP PCs; the most dominant SAP
PC accounts for roughly 84% of the total variance of the light curves, while the first
PC of the SS set only accounts for about 43%.

To illustrate the effectiveness of our systematic corrections, Figure displays
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Figure 2.5: Example SAP light curve from EPIC 211410992 at each of the three
different stages of the Oxford pipeline: raw flux from extraction (top), K2SC-corrected
flux (middle), and final flux after the application of the PCA (bottom)
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the light curve for a sample SAP star (EPIC 211410922) after each of the three main
stages of the Oxford pipeline. The top panel shows the raw flux post-extraction but
before any of the systematics have been removed. The raw light curve is clearly riddled
with high frequency systematics, but these features disappear after the application of
K2SC, shown in the middle panel. However, while K2SC cleans up the raw light curve
considerably, there is still an obvious long-term trend in the data lasting the duration
of the whole campaign and which matches the primary SAP PC from the top panel
of Figure 2.4l This trend is removed after the PCA, as evident in the bottom panel

of Figure 2.5 producing the final, usable version of the light curve.

2.4 Light Curve Precision

After the application of K2SC and the PCA, the light curves are now ready for
analysis. As a first check on the effectiveness of our pipeline, we calculate the scatter

using a variation of the median of absolute deviations, or MAD (Hoaglin et al., [1983):

MAD = 1.48 * median(|f; — my|) (2.3)

where f; is the flux of a specific light curve at each cadence i, and my is the median
flux. Technically, the median term itself is the MAD scatter; we include the factor
of 1.48 as before in Equation 2.1} The median MAD scatter at K, = 12 for the C05
SAP sample is 544 ppm. To compute the MAD scatter for the SS dataset, we first
had to choose the optimum aperture for each star. We applied Equation to each
of the six SS apertures for a given SS target, and the aperture with the lowest scatter
was selected. Almost 65% of the SS sample had optimum aperture radii of one pixel,
and ~19% used the 2-pixel radius aperture. The remaining four apertures were each
selected for less than 10% of SS stars. The median MAD scatter at K, = 12 for the

C05 SS based on optimal apertures is 203 ppm.
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Figure 2.6: MAD scatter versus K, magnitude for the SAP (left column) and SS (right column) samples. The results of the
Oxford and CfA pipelines are shown in black and red, respectively. From top to bottom, we plot the MAD scatter in the raw
light curves, after star-by-star systematics correction, and after common-mode systematics correction.
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The discrepancy between the SAP and SS datasets processed with the Oxford
pipeline is most likely due to the differences in light curve extraction, with the SS
having a lower starting point with respect to noise levels. Despite this, the magnitude
distributions between the two datasets are very similar, as shown by the black data
points in the two bottom panels of Figure 2.6, The left-hand column of Figure [2.6
shows the SAP MAD scatter at the various stages of the pipeline, while the right-hand
side gives the SS scatter. The rows, from top to bottom, show the raw scatter post-
extraction, after star-by-star detrending, and, finally, following the application of the
common-mode trend removal, echoing the changes in the example from Figure 2.5
The red data points provide the MAD scatter for the same stars extracted and pro-
cessed from the CfA pipeline, briefly outlined below in Section 2.5 The Oxford and

CfA precisions are properly compared in Section [2.6]

2.5 The ‘CfA’ Pipeline

The CfA pipeline acts as a point of comparison when probing the quantitative limits
of a period search in M67 (Chapter 4), and it offers another set of light curves from
which we can attempt to detect rotation periods (Chapters 3, 5). The CfA pipeline is
so-named because it is originally the product of a collaboration, led by current NASA
Sagan Fellow Andrew Vanderburg, between the Harvard Center for Astrophysics and
NASA Ames. Like the Oxford pipeline, the CfA pipeline involves an extraction
step, star-by-star correction for position-related systematics, and common-mode trend
removal. We do not execute these steps ourselves, but since we use the output light
curves from this pipeline, it is important to have an understanding of how they have
been processed and prepared. While other K2 pipelines have been successful in
various contexts, we did not include them in this study for a variety of reasons. The

EVEREST pipeline, for example, does not perform optimally with a crowded field
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(Luger et al., 2016, [2017)). The K2 light curves from K2VARCAT (Armstrong et al.,
2014}, 2016) only encompass Campaigns 0 — 4. Alternatively, |Cody et al. (2018]) have
recently released a procedure for extracting superstamp data similar to |Aigrain et al.
(2015a)). Though a future comparison of our results with light curves from both |Cody
et al. (2018) and the PSF photometry Libralato et al. (2016) — applied to M67 by
Nardiello et al.| (2016) — would be interesting, we either did not yet have access to
them (in the case of the former), or we were unaware of their existence (in the case
of the latter) when we began the study in Chapter 4.

The CfA pipeline extracts all targets — whether they belong to the superstamp
or individual TPFs — using the same method, following the techniques outlined in
Vanderburg & Johnson (2014) and Vanderburg et al. (2016). This involves taking the
post-CAL TPFs for the individual postage stamps and the superstamp and, rather
than creating FFIs as is done in the Kepler SAP pipeline and the Oxford superstamp
construction, directly utilizing the astrometric solution from the World Coordinate
System to identify targets and place stationary apertures. While the Oxford pipeline
uses 6 set aperture sizes, the CfA pipeline uses 20, summing up the pixels at every
cadence to create 20 different versions of each light curve. Half of the CfA apertures
are based on the Kepler pipeline PRF, while the remainder range in size from 1.5 to
13 pixels. However, for the K2 MG67 light curves, only those apertures with radii of
less than 3 pixels are considered to avoid potential contamination from other stars in
the crowded field.

To correct the 6-hour, position-dependent systematics, the CfA pipeline again fol-
lows the method prescribed by |[Vanderburg & Johnson| (2014) and [Vanderburg et al.
(2016)), iteratively modeling and dividing out any correlation between the spacecraft’s
roll angle and the observed flux while avoiding any data points that could result from
flares, transits, or other real astrophysical events. The flux is first broken up into

smaller bins so one-dimensional approximations for the low-frequency variations can
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be made, and each bin is then corrected separately in turn. This procedure effec-
tively removes the short-term systematics from the K2 light curves while generally
preserving astrophysical signals and transit events.

Of the remaining aperture sizes, the version of the light curve with the best pho-
tometric precision post-detrending is chosen to undergo the last step in the CfA
pipeline, which corrects for the same long-term, common-mode trends seen in the
Oxford light curves pre-PCA. Again, DVA is primarily responsible for these trends.
The CfA strategy for tackling the common-mode systematics involves putting Kepler
PDC-MAP to work, where ‘PDC’ is the pre-search data conditioning we briefly de-
scribed above, and ‘MAP’ refers to the technique known as ‘maximum a posteriori’
(Smith et al., 2012; Stumpe et al., 2014). In essence, PDC-MAP is a much more
sophisticated version of PCA, using Bayesian MAP to determine the preliminary fit
parameters for a co-trending basis vector set created from a sample of stars. These
parameters are a starting point for maximizing the Bayesian posterior probability
distribution (PDF'). Once the best-fit parameters that describe the long-term trends
are found, the trends can be removed.

There are two different versions of PDC-MAP which can be utilized. The first,
known as ‘single-scale,” restricts the fitting to a single band-pass and imposes a strict
limit on the values which can be taken by the fit coefficients (Smith et al., [2012).
While this may mean that some systematic features are not completely removed from
the light curves, the astrophysical signals remain largely intact. The second version,
‘multi-scale,” splits each light curve up into several bands using a discrete wavelet
transform as a way to individually correct a variety of systematic trends (Stumpe
et al., |2014). While this is more effective than single-scale PDC-MAP in completely
removing systematic effects — making it ideal for planetary transit searches — it
comes at the cost of longer astrophysical signals, such as those coming from the

rotational modulation which we would expect to see in M67. Therefore, where we use
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the CfA light curves, we use the light curves from single-scale PDC-MAP.

2.6 Discussion

Armed now with two versions each of the SAP and SS light curves courtesy of the
Oxford and CfA pipelines, we can begin to understand our ability to find rotation
periods in M67 from K2 data. Because we will explore this topic in more depth in
Chapter 4, we limit the discussion here to a preliminary comparison between the light
curve precisions from the two pipelines. Continuing the discourse on MAD scatter
that began with the Oxford pipeline, the final median scatter values for the C05 CfA
SAP and SS datasets at K, = 12 are 321 ppm and 275 ppm, respectively. The smaller
margin between the CfA SAP and SS final values compared to that of the Oxford
pipeline stems from the fact that the two CfA datasets are extracted and processed
in the same way.

The CfA pipeline performs slightly better than the Oxford pipeline for the SAP
set. This can be seen in Figure [2.6] which clearly shows that the final SAP MAD
scatter obtained by the CfA pipeline is lower than that of the Oxford pipeline over
the entire magnitude range for this sample, despite the similar starting points in the
raw light curves. This is likely due to the sophistication of single scale PDC-MAP
compared to the relatively crude PCA following star-by-star detrending.

By contrast, while the two pipelines produce very different values for the raw
SS light curves, their final MAD scatter values are comparable. The light curve ex-
traction step used by the Oxford pipeline for the superstamp already minimizes the
pointing-related systematics in the raw light curves, at least for the fainter stars. In
fact, there are a number of instances among the fainter stars where the CfA pipeline
leads to final MAD scatter values on the order of 1%, whereas the corresponding

scatter from the Oxford pipeline is much lower. In these cases, the Oxford pipeline
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generally tends to correct the systematics better, especially where the stars are have
greater variability. The change in MAD scatter following the star-by-star systematic
correction is relatively minor, as neither pipeline shows significant improvement after
this step. However, the CfA SS light curves experience a drastic reduction in MAD
scatter over the whole magnitude range following the common-mode systematic cor-
rection. The effect is apparent in the Oxford pipeline, as well, particularly for bright
stars. Ultimately, the final SS MAD scatter for the CfA pipeline is very similar to
that of the Oxford pipeline (275 ppm versus 203 ppm, respectively), although the the
former is slightly better for brighter stars.

Regardless of the minor differences in performance between the two pipelines, the
final MAD scatter values should give us increased confidence that the light curves
from both pipelines are relatively robust. In addition, they indicate that there is no
obvious effect in either sample that is not handled reasonably well by either pipeline.
With two datasets of high-quality light curves encompassing both the outer edges of
the cluster and its crowded inner regions, processed using two different pipelines, we

can embark on the tedious process of determining rotation periods for M67 members.



Chapter 3

Tools for Rotation Period

Detection

As far as the laws of mathematics refer to reality, they are not certain,

and as far as they are certain, they do not refer to reality.

Albert Einstein

3.1 Introduction

After extracting and correcting the K2 M67 light curves, the natural next step is
to look for rotation periods. Technically, |[Barnes et al.| (2016|) and Gonzalez| (2016a))
have already accomplished this using C05 data. However, their studies were either
very limited in scope or showed too much scatter to be considered very meaningful,
though we will discuss these problems in more detail in Chapter 4. For now, we focus
our attention on how to determine rotation periods from photometric data (we have
not yet had a chance to look at v sin i data) using some relatively common techniques.

There are many different ways to detect rotation periods from stellar light curves.
Some, such as the Lomb-Scargle periodogram, specify an exact form of the light

curve and find the best-fit parameters of that model. Others are a bit more flexible,

Sections of this Chapter have been published as [Esselstein et al.[ (2018).
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such as the wavelet power spectrum (WPS), while others still compute a statistic
which is either optimized or used to pinpoint the best period, never defining an exact
functional form for the light curve. Examples of these include the autocorrelation
function (ACF), phase dispersion minimization (PDM), and minimum string length
(MSL). Finally, more sophisticated approaches employ Bayesian inference, generally
taking the form of what is referred to as Bayesian period signal detection (BPSD),
or more specifically as Gaussian processes (GPs), to find the most probable set of
parameters that describe a dataset.

We only utilize the Lomb-Scargle, ACF, and GP in our work, but it is useful to
understand some of the other methods, especially those that have previously been used
to find rotation periods in M67. This chapter, therefore, is dedicated to explaining
some of the most common techniques for rotation period detection. We first briefly
consider MLS, PDM, BPSD, and WPS in Section before examining the Lomb-
Scargle and ACF in Section We then provide an overview of GPs and our specific
implementation in Section [3.4 Finally, we present our first set of rotation periods
derived for M67 from C05 data, found using a combination of the Lomb-Scargle and
ACF but prior to a full application of the GP. This is accompanied by a discussion of
how these results, in light of the published rotation periods from [Barnes et al. (2016]) in
particular, motivated a more careful, detailed study of our ability to actually recover
solar-like signals from one campaign of K2 data; this work is outlined in Chapter 4.
Informed by the conclusions from Chapter 4, we will then compare our three methods
of choice and ultimately use a combination of them to produce our own set of rotation

periods from K2 light curves in Chapter 5.
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3.2 Some Common Rotation Detection Techniques

Many methods exist for finding rotation periods besides the Lomb-Scargle, ACF, and
GP, but we will restrict this portion of our discussion to three additional techniques
used by the published M67 rotation studies — MSL, PDM, and BPSD — and the
WPS, another fairly popular approach. Both MSL and PDM make use of the phase
curves produced by the trial periods to find the best one, avoiding the need to specify
an exact form for the data. MSL measures the distances between data points phase-
folded on the trial period, forming a set of ‘strings’ whose combined lengths form
the basis of the statistic that needs to be minimized (Burke et al.| [1970; Dworetsky,
1983). PDM, on the other hand, finds the period which minimizes the variance of the
dataset (Stellingwert] [1978)). Here, the data are phase-folded onto each trial period,
binned into M subsets, and the statistic © is subsequently computed by (Stellingwerf,
1978):

o=" (3.1)

where 02 is the variance of the dataset as a whole, and s? is the combined variance

based on M subsets of the data. The former is calculated in the following manner:

2 ZzNzl(‘rZ - j)2
o° = N1 (3.2)

where z; is the value of a dataset at observation ¢ out of N data points, and ¥ is
the mean value of the dataset. The calculation of s? is conducted in an analogous
fashion:

&2 — Zj:1(”j - 1)33 (3.3)

M
Zj:l n] - M

where n; is the number of data points in each subset j, and s? is computed in the
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exact manner as Equation [3.2] but just for that subset of data. The period which
minimizes O is selected (Stellingwert, 1978). Both Barnes et al.| (2016) and |Gonzalez
(2016a)) employed PDM in their respective searches for M67 rotation periods, and the
former also used MLS.

As their final choice of rotation detection method, Barnes et al. (2016)) utilize
BPSD, which tests the probability distributions of different models, both periodic
and non-periodic, with Bayesian inference to decide upon the most probable period
(Gregory & Loredol [1992)). While this is similar to the approach we take with the GP
(see Section [3.4)), the two methods are fundamentally different. The BPSD does not
assume that each point in the dataset is drawn from a multivariate Gaussian distribu-
tion, and while the GP generates a family of possible functions to the dataset based
on the chosen covariance function, BPSD tests separate models picked beforehand.

Finally, we briefly examine the WPS, another relatively popular technique which
is fully described in Torrence & Compol (1998). Essentially, the WPS uses a wavelet
transform to measure the power of a time series at various frequencies, or periods,
with the Morlet wavelet being one of the more common wavelets. The Morlet wavelet
convolves a Gaussian and a sinusoid, allowing the frequency to be varied, and when
computed over each point in the time series gives the WPS (Mathur et al., 2010b;
Garcia et al., 2014). [Torrence & Compol (1998) define the Morelet wavelet function

as:

Yo(n) = m e (3.4)

where 1) is the actual wavelet, 1 is a non-dimensional parameter specified by the user,
and wy is the frequency for which the WPS is being calculated. The Morlet wavelet
has been used to measure the surface rotation of solar-like stars (Ceillier et al., [2014))
and stellar parameters from oscillations (Mathur et al.; 2010ab)). In addition, Garcia

et al.| (2014) used the Morlet wavelet to measure the rotation periods of Kepler stars,
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and van Saders et al. (2016 used a version of the WPS, along with the ACF, to

compute the rotation periods of the asteroseismic samples used in that study.

3.3 The Lomb-Scargle Periodogram and Autocor-
relation Function

We now turn to the two traditional methods employed in this thesis. The Lomb-
Scargle periodogram (Scargle, 1982) is one of the most common techniques used in
rotation period searches. The standard periodogram for a dataset X with N data

points is defined as (Scargle, [1982):

Px(w) = %‘FT)(@J)P = %[(ZX] coswtj)2 + (ZXj sinwtj)Q} (3.5)

J

where w is the angular frequency and F'Tx (w) is the discrete Fourier Transform (DFT)
of X. This version of the periodogram often suffers from ‘spectral leakage’ (e.g.
aliasing) and high noise levels that make the statistical interpretation ambiguous
(Scarglel [1982). However, Scargle| (1982) demonstrated that Py (w) can be redefined

as:

2 2
1¢|> X jcosw(t; — ) > X sinw(t; — 1)
Px(w)=§{[ L b L }} (3.6)
> jcos?w(ty — ) Y sintw(t; —7)
where 7 is found from:
- sin 2wt ;
tan(2wT) = L (3.7)
> cos 2wt

This version of Px(w) is less prone both to leakage and high noise levels due to

effective statistical redistribution (Scargle| 1982).
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Scargle| (1982) proved that Equation is equivalent to the least squares fitting

of the following general sinusoidal model, as implemented by |Lomb (1976)):

X¢(t) = Acos(t —7)+ Bsin(t — 7) (3.8)

Zechmeister & Kiirster| (2009) generalized Equation 3.8 further with the addition of an
offset, c. Here, we utilize the following sinusoidal model, as was done in the Monitor

project (see e.g. Irwin et al., {2006} 2007, 2008b):

m(t) = myc + asin(wt + ¢) (3.9)

where mg. is the light curve’s vertical offset, « is the amplitude, ¢ is the phase, and
w is the angular frequency. For each value of w (or period, P = 27 /w), this model
can be expressed as a linear basis model with three basis functions: a constant, a
sine term, and a cosine term, each with period P. Thus, for each trial period, we
can solve for the values of mg., «, and ¢ that minimize the sum of the squared
residuals, or x? (in space data, the relative measurement uncertainties can be treated
as approximately constant for a given star, so the two are equivalent). We evaluate the
relative reduction in x? with respect to a constant model, S = (x*(0) — x*(P))/x*(0),
as a function of period P, to construct a periodogram.

The effectiveness of the Lomb-Scargle has been demonstrated many times over,
with the Monitor project being a prime example. Despite this success, periodic signals
in light curves are not sinusoidal; they evolve over time as star spots appear and
disappear, often on opposing hemispheres, and can be subject to several layers of
rotational modulation due to differential rotation. As a result, the Lomb-Scargle
often leads to periodic measurements at half the true period, and at times, may
simply be too inflexible to pick up on the complexities of the actual signal, producing

inaccurate periods.
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While the Lomb-Scargle periodogram finds the best-fit sinusoid for a given dataset,
the ACF is a comparison of the dataset with itself shifted to different candidate
periods. The ACF is computed by ‘sliding’ the dataset over itself at a range of
intervals, or lags, and determining at which lag the shifted dataset most resembles
the original, indicated by the maximum value of the ‘ACF coefficient.” In this way, the
ACF looks for periodicity without having to specify an exact form, making it a more
flexible tool for measuring real rotational modulation than the Lomb-Scargle. The
ACF at lag k is calculated using the following equation, as implemented in McQuillan
et al.| (2013):

Do (T —2)?

where 7 is the mean value of the dataset x, and NV is the total number of data points.

In order for the ACF to work, x must be interpolated to a regular grid prior to
computation. In practice, we employ the fast Fourier transform (FFT) to decrease
computation time because the discrete correlation of two functions translates to the
product of the FT of one function and the complex conjugate of the F'T of the other
(Press et al., [1992). We first fit the data to a linear model and then subtract the fit,
giving 2. We then compute the FFT of ' — Z’. The inverse of the product of the
FFT and its conjugate is then equivalent to the ACF (since an autocorrelation is a
correlation of a function with itself). Using the FFT speeds up the calculation of the
ACF given by Equation [3.10] but gives the same result. We then smooth the ACF by
convolving it with a Gaussian kernel. For a periodic signal, the ACF produces a plot
of successive maxima that decay over time. The rotation period of the light curve is
then typically designated by the lag corresponding to the highest peak after £ = 0.
We have described a relatively simple approach to the ACF, wherein we merely
select the highest peak. There are ways of making a more informed decision regarding

the correct peak (or, rather, a peak that actually represents real periodicity), depen-
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dent, for example, on relative peak height and the effective temperature of the star
(McQuillan et al., 2014). Another approach involves assigning a weight to the output
based not only on the maximum peak height, but also the decay rate of the peaks
and how well the ACF can be fit to a damped oscillator (Angus et al., [2017). We
do not employ these contingents ourselves because, apart from our use of the simple
ACF in Section we use a combination of methods to determine our final K2 M67
rotation periods (see Chapter 5).

The ACF has successfully measured stellar rotation periods from Kepler data,
including for 737 exoplanet host stars (McQuillan et al., 2013 and 34,030 Kepler
main-sequence stars in McQuillan et al.| (2014)). The insightful work from van Saders
et al.| (2016)) employed the ACF for Kepler asteroseismic targets, as well. The ACF
was also one of the four methods used by Barnes et al.| (2016) to find rotation periods
in M67 from K2 C05 data.

Figure provides example ACF plots and Lomb-Scargle periodograms for three
different light curves processed with the Oxford pipeline. Each plot in this figure
displays the systematics-corrected light curve in the top panel, and, in the bottom
panel, the standard Lomb-Scargle periodogram in black with the ACF in blue. The
periods found by the Lomb-Scargle and ACF are indicated by the location of the red
and green lines, respectively. Plot (a) in Figure is an example of a light curve
(EPIC 211307159) with obvious rotational modulation, and as a result, the ACF takes
the clean shape of a series of peaks whose heights generally decrease with increasing
lag. In addition, the Lomb-Scargle produces a prominent, narrow peak at the correct
period. Although the light curve does evolve over the course of the campaign, the
periodic signal is strong, and both the ACF and Lomb-Scargle find periods of 10.6d.
Plot (b) demonstrates the ‘harmonic case’ with EPIC 211320437. The light curve
in this plot likely has a period of approximately 15d, but the period could easily be

mistaken for 7 — 8d. While a relatively strong peak does exist at the true period,
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the Lomb-Scargle is ‘fooled’ by the harmonic signal. The ACF, however, is flexible
enough to account for this. Often, the ACF peak at the true period will be higher,
even if only slightly, than that of the half-period harmonic. This is what we see in
plot (b), with the ACF settling on 14.8d.

The light curve in plot (c), however, is more ambiguous than either plot (a) or (b);
there appears to be some variability in the light curve (EPIC 211439059), but it is
difficult to determine if this is the result of lingering systematics or a real astrophysical
signal. If it is the latter, and if it is in any way periodic, then the signal has a long
period, making the measurement more uncertain given the observation time. Thus,
the greatest peak in Lomb-Scargle periodogram is very broad, and the ACF does
not show any convincing periodicity. At a glance, the periods selected by the two

methods, 33.3d and 35.8d, respectively, would be disregarded.

3.4 (Gaussian Processes

Gaussian processes, or GPs, are a powerful tool for modeling datasets whose exact
generative functions are unknown, making them particularly attractive for finding
rotation periods in K2 M67 light curves. A GP produces a family of possible functions
that can describe the data based on the modeled covariance of each observed data
point. The form of the covariance can be specified by the user to provide a set of
informative parameters which give insights into the nature of the dataset, such as
evolutionary timescales or inherent periodicity. We give a relatively brief overview
on GPs here, but the more interested reader is referred to Rasmussen & Williams
(2006]).

A GP essentially extends a multivariate Gaussian distribution to an infinite num-

ber of random variables, as shown below{l}

thttps://github.com/LSSTC-DSFP /LSSTC-DSFP-Sessions/blob/master/Session4 /Day2/GPLecturel.ipynb
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Figure 3.1: Sets of plots depicting examples of light curves where the Lomb-Scargle
and ACF results are clear (a), are harmonics of each other (b), and are more ambigu-
ous in the absence of a trustworthy periodic signal (c¢). The corrected and normalized
flux is given in the top panel of each set of plots, while the Lomb-Scargle periodogram
(black) and the ACF (blue) are given in the bottom panel. The red line indicates the
location of the Lomb-Scargle period, while the green line indicates the location of the
ACF period.
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y~N(m, K) (3.11)

where i = (y1,¥o, ..., yn)? is a collection of random variables with N points, m is the
associated mean vector, and K is an Nx N positive, semi-definite covariance matrix
with elements K;; = cov(y;,y;). The covariance matrix is generated by a function
known as a kernel, the choice of which depends on the nature of the dataset, as well
as an educated guess; we will eventually discuss the choice of kernel, but for now we
focus on the general application of a GP. By using a GP, we inherently assume that
each data point is drawn from a Gaussian distribution.

More formally, for a one-dimensional dataset (such as a flux time series), Equa-

tion can be written as the following?}

y(x) ~ GP(m(x), k(x,x")) (3.12)

where y(x) is the underlying, unknown function that has produced the observed data
points, m(zx) is the mean function that gives the expected value of y at any point =,
and k(x,z’) is the covariance of two data points generated by the kernel, equivalent
to K;; above. Because the parameters of any kernel, known as the ‘hyperparameters,’
can take an infinite number of values, an infinite number of functions could ultimately
describe y(z). Obviously, some functions will do a better job than others, so we
will now outline how to determine the most probable set of hyperparameters for a
given choice of kernel. Being able to do this means that we never have to know the
exact form of y(z) itself; all we need are the maximum likelihood hyperparameters.
Technically, the hyperparameters include those of the mean function, as well, but we
care more about those associated with the kernel.

Picking the set of hyperparameters that most accurately reproduces the observ-

Zhttps://github.com/LSSTC-DSFP /LSSTC-DSFP-Sessions/blob/master/Session4/Day2/GPLecturel.ipynb
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ables from y(x) involves implementing Bayesian inference through Bayes’ theorem:

p(y|0)p(6)

p(Bly) = o)

(3.13)

where 6 represents the hyperparameters, and y is the collection of observed values
from the dataset. The two terms in the numerator of the right-hand side of Equa-
tion 3.13| are the likelihood and prior distributions, respectively, and the denominator
is the marginal distribution of y, i.e. the probability of observing y in the absence of
any other information. In practice, p(y) is merely a normalization factor, so we are
more interested in the numerator. The prior is our estimate of the true probability
distribution for a set of parameters before any computation has been made and with-
out any knowledge of the data. If nothing is known about the prior, one can use a
uniform distribution for all parameters. The likelihood, on the other hand, is given
by the following equation (see e.g. Rajpaul et al., [2015):
1

1 N
Inp(y|d) =InL = —§TTK_17’T — 51n(c1et K) - Eln(%r) (3.14)

where r = y(x) —m(z) for non-zero mean functions. We present the natural logarithm
of the likelihood because it is easier to work with than the likelihood itself.

The left-hand side of Equation is known as the posterior distribution, which
describes the probability of the hyperparameters given the data. Our goal is to find
the set of hyperparameters that maximize the posterior, which should help us identify
the best-fit model for the dataset. First, we must ‘condition’ the GP. This means using
the observed data, or a subset of it, as a training set to produce the family of functions
which could possibly reproduce and explain the data.ﬁ In doing this, we create what
is known as the conditional, or predictive, distribution, which helps us predict the

value of y(z) at new input values z.f}

3https://github.com /LSSTC-DSFP /LSSTC-DSFP-Sessions/blob/master/Session4 /Day2/GPLecturel.ipynb
4https://github.com/LSSTC-DSFP /LSSTC-DSFP-Sessions/blob/master/Session4/Day2/GPLecturel.ipynb
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p(y.ly, k) = N(K[ K™y, K., — K/KT'K.) (3.15)

where k is the kernel function, with hyperparameters 6, that describes the covari-
ance matrix K; K., = k(z,,2.); and K, = k(x,z). We can then ‘train’ the GP by
minimizing the negative log likelihood given by Equation [3.14] which ultimately de-
termines the best-fit parameters for the kernelﬁ The parameters from the maximum
likelihood may only come from a local minimum as opposed to the global, however,
so we can use a Markov chain Monte Carlo (MCMC) to fully explore the parameter
space. This has the added benefit of providing uncertainties on the parameters.

We have explained how we can use a GP to model a dataset and produce a set
of informative parameters which describe the covariance between data points, but
we have not yet talked about the choice of kernel. There are many different kernels
available for use, but the decision of which one to apply is based on the kind of
information we are trying to glean from the data, as well as an educated guess as to
the nature of the data itself. One of the most common and simplest kernels is the

squared exponential, and it takes the form:

(x —2')?

] (3.16)

ksp(x, ') = h%exp|—

where h is the parameter for the function’s amplitude, and L is the length scale, which
describes the correlation of points which are far away from each other, essentially
explaining how quickly the function evolves over time (Angus et al., [2017). A large
value for L corresponds to slow evolution because the points are more correlated,
while a small value means that the function evolves very quickly (Angus et al., 2017)).
The squared exponential kernel is fairly flexible, but with only two parameters, it may

not be adequate enough to model periodic rotation, as is our goal for the M67 light

Shttps://github.com/LSSTC-DSFP /LSSTC-DSFP-Sessions/blob/master/Session4/Day2/GPLecturel.ipynb
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curves. Luckily, one can combine kernels in a variety of ways, including addition and
multiplication. For periodic functions, a common kernel is the product of a squared

exponential with a periodic term:

sin?(TE221)

) (3.17)

kgp(x,2') = ksp exp[—

where P is the period and Lp is the length scale of periodic variations, similar to
L from Equation [3.16] In this case, Lp describes the correlation of points located a
period from one another (Angus et al., 2017). This could help model, for example,
the variations in the shape of a light curve as star spots evolve, changing size and
shape over the course of their lifetimes. This kernel is known as the quasi-periodic
kernel, and it is flexible enough to account for both periodicity and other features in
the data.

Often, it is prudent to account for white noise. Assuming constant white noise,
this simply means we add a white noise term to the kernel we already have, such as

the quasi-periodic kernel:

k(x,2") = k(zi, ;) = kop(xi, ;) + 020y (3.18)

where o2 is the estimated white noise variance, and d;; is the Kronecker delta function.

We can estimate the white noise variance as:

o? ~ median(]diff (y)|) (3.19)

where diff (y) is the first order difference of the observed data points. The white noise

term can be adapted to account for non-constant variance, but the version presented

in Equation [3.19|is a decent approximation in the absence of other information.
There are several, powerful GP tools which can be applied to astrophysical data

and which are available for public use. Typically, the inversion and determinant
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calculations of the kernel K render a computational requirement of O(N?). In spite

of this, the python package george (Ambikasaran et al., 2016)), wrapped around C++

and originally developed to cope with Kepler data, is fairly quick for reasonably-sized

datasets. |Ambikasaran et al. (2016) employ a factorization technique which reduces

the requirement to O(N In?N). In addition, george implements a wide variety of
kernels, including the squared exponential and several periodic kernels, which can be
combined to form quasi-periodic kernels. Many studies have made use of george in

a range of different capacities, from modeling the transits or out-of-eclipse variations

of exoplanets and eclipsing binaries (Berta-Thompson et al., 2015; |Stevenson et al.

20165 [Pepper et al.,[2017; |Gillen et al 2017)), to attempting to recover stellar rotation

periods (Mancini et al., [2015; [Vanderburg et al., 2015; [Angus et al. 2017), to even

modeling the emission spectrum of the interstellar medium (Tchernyshyov et al.|

2015).

Despite the utility of george, it is still too slow for large-scale K2 rotation studies.

On the other hand, the python package celerite (Foreman-Mackey et al.,2017)), also

wrapped around C++, uses a clever technique to reduce the computation requirement

to scale as O(N). Foreman-Mackey et al. (2017)) define the general celerite kernel:

J
k(Tpm) = az5nm+z [a;exp(—¢;Tum) €o8(d;Tpm) +bjexp(—¢;Tum) sin(d;Tum)] (3.20)
j=1

where 7, = |t, —tn|, and a;, b;, ¢;, and d; are hyperparameters. The power spectral

density (PSD), found by taking the FT of Equation [3.20} is then (Foreman-Mackey|

Z \/7 ajc; + bid;) (c? d?) + (ajc; — bjd;)w? (3.21)
wh +2(c5 — d3)w? + (c§ + d3)? '

J

We cannot implement a quasi-periodic kernel like that of Equation|3.17|in celerite
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because it may cause Equation to become negative, which does not allow the
GP to compute (Foreman-Mackey et all 2017). Instead, we use a mixture of single
harmonic oscillators (SHOs). The differential equation describing the dynamics of a
single SHO is given by (Foreman-Mackey et al., |2017)):

d2 wo d

e(t) = y(1) [@ towt wg] (3.22)

where €(t) is the driving force (usually just modeled as white noise), wq is the un-
damped frequency, @) is a quality factor related to the damping of the system, and
y(t) describes the ‘position’ of the oscillator at any given point in time. We can then

translate this into a celerite kernel whose PSD takes the form (Foreman-Mackey

et al., [2017; Anderson et al., [1990)):

J Siw
S(w)zz;\/g(wQ J); s (3.23)

— w; é) :

where J is the number of SHO terms used, S; is the value of the PSD of a given
SHO at its respective undamped frequency w;, @, is the SHO’s quality factor, and w
is just a frequency array. When @ > 1/2, Equations and are equivalent if
(Foreman-Mackey et al., 2017):

aj = Sjw;Q);
p = Siwis
J
102 _
@it (3.24)
i

_ Y 2
d]_QQj,/szj 1

In practice, we mix two SHOs that have an amplitude, \/a (same as a;, except we
use a = a; = ay), in common, but otherwise are separately controlled by their quality

factors ()1 and (s, respectively, as well as their undamped frequencies w; and ws.



Chapter 3. Rotation Detection Methods 86

The undamped frequencies are dependent both on the values of (J; and ()5 and their
respective periods, P and P, = P;/2 (the latter included to incorporate harmonic

measurements), such that:

_ 47(Q1 + Q2)
W1 = P\/4(Q1 mn Q2)2 — 1, (325)
wy = _AmQs (3.26)

T PRI 1
We define w; and w; based off the fact that, if b; in Equation[3.20]is zero, Equation [3.21]
simplifies to an oscillator with period P; = 27/d;, with d; as defined by Equation m
(Foreman-Mackey et al., |2017). We add the quality factors for w; to ensure that
the ‘true’ period, P, is always preferred as the output of the GP (Foreman-Mackey,
private communication). Despite this, we will discuss how to deal with a real harmonic

case, where the actual period is P;/2, momentarily.
We can describe the value of the PSD of each SHO at their respective undamped

frequencies as the following:

a GPl\/4(Q1 +Q2)% -1

51 = wi@Qr Am(Q1+ Q2)Q1

(3.27)

2 _
s, ma  malPy\/4Q5 — 1 (3.29)

T W@y Am Q2

where m in Equation [3.28|is a mixing parameter that explains the relative significance
of the peak from the half-period SHO relative to the ‘true’ period SHO in the combined
PSD. We can compute the PSD for our kernel by plugging in Equations through
[3.28) into Equation the inverse F'T produces the kernel itself, to which we add
a white noise term. We give a few examples of PSDs computed from the mixture of

SHOs kernel at different initial values of (1 and ), for a test light curve we want
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Figure 3.2: Example PSDs (middle) and random samples (right) drawn from the prior
distributions of the GP computed for the test light curve (left) with different values

for (;?1 and (;?2.

to model with the GP in Figure In blue is the case where @)1 > @2, and both
are greater than zero. Green illustrates the same, except with ()5 > @)1, which leads
to the additional peak at 10d. The peak has flattened out in the red case, where
InQ; = InQ, = —0.2, approaching the periodicity limit of 1/1/2, which is where a
peak is no longer observed in the PSD. The far right panel displays a random sample
for each case drawn from its respective prior distribution. At this point, we have not
yet optimized the hyperparameters.

As briefly alluded to above, when we compute the GP, we first have to initialize
it with a guess for each of the following hyperparameters: a, m, @)1, (J2, and P = P;.
Working with the natural logarithm of each parameter, we typically set lnay to be
the variance of the data, Inmg = 0, In Q19 = 7.5, and In Q29 = 0 (though the latter
two are subject to change). We initialize with a high () because we are making
an assumption a prior: that there is some periodicity in the light curve. Given the
computational efficiency of celerite, we run the GP several times using the first few
peaks from the normalized Lomb-Scargle periodogram and the ACF as initial guesses
for P. In the end, we choose the value for P that produced the greatest log likelihood.

We also set bounds on the natural logarithm of each hyperparameter. This pre-

107 2310 2320 2330 2340 2350 2360 2370 2380
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vents the GP from exploring nonsensical parameters during conditioning. The period
must fall between 0.05d and 40d (since we will not be able to see two complete cycles
for a 40d period in one campaign of data), while Ina and Inm must fall between -15
and 15. The minimum value that the quality factors can take, if there is periodicity
in the light curves, is 1/v/2 (Foreman-Mackey et al., [2017). Generally, the greater
the value of @);, the greater the probability that the light curves do have inherent
periodicity, and the stronger the peaks in the PSD at w; and ws. The lower bound for
both In @, and In @, is In (1/4/2), but the upper bounds are 20 and 15, respectively.
We choose a higher upper bound for In @), for a similar reason as to give (J; more
room to reach a value representing strong periodicity. If, however, the final value of
()2 is greater than its lower bound and also greater than (), the output period P
should be halved.

In Figure |3.3, we show the same light curves from Figure but this time we
present the relevant information from the GP. In the top panel of each respective
plot, we show the systematics-corrected flux in black overlaid in red with the predicted
mean from the best-fit model generated by the GP. In the bottom panels, we illustrate
in blue the PSD computed using the initial guesses for each hyperparameter, prior
to optimization. The final PSD is given in black. We mark the location of the
best-fit period with a vertical red line. The first plot belongs to EPIC 211307159.
Like the Lomb-Scargle and the ACF, the GP finds a value of 10.6d, reinforced by
the strong peak in both the initial and final PSD. The middle plot corresponds to
harmonic case of EPIC 211320437. Like the ACF, the GP finds a period of 15.2d,
much closer to the apparent truth. The initial PSD, likely computed from the input
Lomb-Scargle value, produces a peak at half the true period (double the frequency),
but the harmonic peak has shrunk in the final PSD in favour of the longer period.
Finally, we again included the ambiguous example of EPIC 211439059. Like the other

two methods, the output of the GP is not as trustworthy. The GP finds a period of
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22.3d, which does not appear to be accurate from either the actual light curve or the
predicted mean. Furthermore, the peak of this star’s PSD is several orders smaller
than that of the other two (units are absolute). The GP, then, is not infallible.

As previously mentioned, we can use the MCMC to fully explore the parameter
space of the GP and get uncertainties on our period. We employ the python package
emcee (Foreman-Mackey et al., |2013)) to run the MCMC, using a standard walker
sampler. We run a relatively short burn-in of 200 steps using 36 walkers for each
of the five parameters from our kernel before running a production chain with 1000
steps. We can then produce a ‘corner’ plot that shows the probability distributions
of each parameter in relation to the others. We can also measure the uncertainty of
a given parameter based on its marginal distribution. Example of corner plots for
EPICs 211307159 and 211439059 are given in Figure below. All the parameters
are in log space. The output period from the MCMC was 10.6 + 1.0d for EPIC
211307159, whose corner plot shows reasonably well-behaved distributions for all six
parameters. In contrast, the corner plot for EPIC 211439059 has a multi-modal
distribution in m; approaches the parameter bounds for a, @)1, and (); and has a
broader distribution in P than EPIC 211307159. The MCMC again finds a period of

22.3 d for this ambiguous case, with slightly larger uncertainties of +1.3d and —1.21d.

3.5 Preliminary Results and Discussion

We now switch gears away from the GP and back to the Lomb-Scargle and ACF.
In the early summer of 2016, we determined our own, preliminary set of M67 rota-
tion periods using just the standard Lomb-Scargle periodogram and the ACF, which
we first applied to all 976 stars in the SS sample. We then looked through the
systematics-corrected light curves, visually inspecting each one by eye and deciding if

the variability of a given light curve matched either the corresponding Lomb-Scargle
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Figure 3.3: Same example light curves from Figure [3.1] except measured with the GP.
The flux from the systematics-corrected and normalized light curve is given in black
in each top panel, while the predicted mean from the best-fit model output by the
GP is given in red. The bottom panels show the PSD as a result of the initial guess
for the period (in blue) and the output PSD (in black), with a red line depicting the
location of the determined period.
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Figure 3.5: Preliminary CPD from K2 Campaign 5 SS light curves calculated using
the standard Lomb-Scargle periodogram and ACF. Binary members (BM) are in red,
single members (SM) are in black, and binary likely members (BLM) are in gold.

or ACF result, or both. We only kept the results which appeared to be either re-
liable or plausible, and discarded the rest. If the two methods produced believable
values and agreed with each other to within 5d, we took the average period. We
then filtered the remaining light curves for cluster membership status through the
Mathieu catalog, plotting the members’ periods and their associated B — V' colours
in a colour-period diagram (CPD), shown in Figure 3.5 We used an E(B — V') value
of 0.04, as was done by Barnes et al. (2016]). The membership classifications depicted
in this figure include ‘single members’ (SM; in black), ‘binary members’ (BM; in red),
and ‘binary likely members’ (BLM; in gold). Overlaid on the CPD is the Sun, rep-
resented as a green star, and a solar-age (4.6 Gyr) ‘gyrochrone’ — or gyrochronology
relationship at a specific age — from Barnes (2010), using the convection turnover
timescales from Barnes & Kim| (2010).

The results in our CPD from Figure|3.5| generally follow the solar gyrochrone, but
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Figure 3.6: Comparison of Barnes et al. (2016 periods (blue diamonds) with our
corresponding measurements (dark circles), connected by the gray lines. Black circles
represent those measurements in which we had more (subjective) confidence, while
the gray circles are those we did not trust as much.

they do deviate from the trend at the very blue and red ends, with the stars rotating
faster than what the gyrochrone predicts. This could partially be due to the small
age discrepancy between M67 and the Sun. On the surface, however, this appears to
support the weakened magnetic braking theory of van Saders et al.| (2016), especially
for the more massive stars. Nonetheless, there is a lot of scatter in Figure [3.5; we
did not have a satisfactory method for determining uncertainties when these values
were computed; and we made no consideration regarding the amplitudes of the light
curves.

We ran the SAP light curves through the Lomb-Scargle and ACF and compared
measurements (decided upon in the same way as the SS) for the 20 stars published
by Barnes et al.|(2016). The results can be seen in Figure , where the periods from
Barnes et al.| (2016]) are depicted as blue diamonds. These are connected via vertical

lines to circles representing our corresponding measurements, the darkness of which
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indicates how confident we are in our reported value (i.e. a gray circle represents less
confidence based on checking the light curve by eye, while a black circle means we
trust the result). A lot of discrepancy exists between the published periods and our
own values. Not only do we not see a clear period in the majority of the versions
of our light curves from Barnes et al. (2016)), of the three where we do trust the
result, one is drastically different from the published value. While this could be due
to differences in the pipelines used to extract and correct the data (Barnes et al.|2016
use the PDC light curves from MAST; see Chapter 2), we have shown that our light
curves are reasonably well-corrected, and thus are capable of producing a legitimate
comparison with published results.

The scatter from our preliminary CPD, combined with the inconsistency in pe-
riod measurements from our SAP set with those of Barnes et al.| (2016)), highlights
the challenges of working with K2 C05 data and emphasizes the need to quantita-
tively understand our limitations in finding rotation periods in M67. This includes
further evaluating the pipelines used to extract and detrend the data, particularly
with respect to the kinds of periods and amplitude ranges for which we have the most
success. We also want to remove, as much as we can, the human element of deciding
confidence levels in our measured periods. Now that we have presented our rotation
detection techniques, we can begin to explore the absolute limits of period detection
with the best-case scenario of un-evolving, sinusoidal signals in Chapter 4. In doing
so, we make a more thorough comparison with the results from Barnes et al.| (2016))
and also |Gonzalez (2016a), fully discussing the issues inherent to these studies with

respect to establishing gyrochronology relations for older, main-sequence stars.



Chapter 4

Sinusoidal Injection Tests: Testing

Sensitivity Limits in K2 C05 MG67

Data

The face of the Sun is not without expression,

but it tells us precious little of what is in its heart.

Armin J. Deutsch

4.1 Introduction

Chapter 2 was dedicated to the extraction and preparation of the K2 light curves that
we will use to look for rotation periods in M67, and Chapter 3 examined some common
techniques for finding the periods themselves. However, as we briefly mentioned,
Barnes et al. (2016) and |Gonzalez (2016b.a) beat us to the punch in that regard, using
C05 data to measure their own rotation periods and investigate their implications for
gyrochronology. The main findings from Barnes et al. (2016)) can be seen in Figure[4.1],
which presents Figure 4 from that work. The colored lines are gyrochrones from

Barnes| (2010), the corresponding ages of which are provided. While it is apparent

This Chapter has been published as [Esselstein et al.| (2018).
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Figure 4.1: Figure 4 from Barnes et al. (2016) showing the measured rotation periods

from that work and the gyrochronology relations from (2010) at different
cluster ages.

from Figure that Barnes et al| (2016)) obtained a good match to pre-existing

gyrochronology relations, this was based on a very small sample of 20 stars, with the

majority of the reported periods not convincingly confirmed when the respective light

curves are examined by eye. By contrast, the results from |Gonzalez (2016a) show

no dependence of rotation period on mass, but display significant scatter across all
masses, as is evident in Figure 6 from that study, reproduced here in Figure 4.2 This
figure shows all the rotation period measurements made by Gonzalez, the periods

from Barnes et al.| (2016), and a sample of (2010) gyrochrones at 5.5 Gyr,

4.5 Gyr, and 3.5 Gyr. A clear trend among the data does not exist, and none of the

portrayed gyrochrones seems to be a good fit.

In addition, both |Barnes et al.| (2016) and |Gonzalez| (2016a) made specific choices

about their extraction and detrending techniques without exploring other options,
and, even more problematic, they both relied to a large degree on an unreproducible

element of human judgment. Furthermore, the two studies are both inherently lim-
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ited, working only with the individual postage stamps for stars on the outer edges
of the cluster; they completely neglect the superstamp, a potentially rich source of
representative rotation periods. Finally, there are even some discrepancies in mea-
sured period where stellar samples from each study overlap. Consequently, the two
studies inferred mutually inconsistent gyrochronological ages for M67, with
(hereafter referred to as ‘Barnes’) reporting an age of 4.2 + 0.2 Gyr and
\Gonzalez (2016a) (hereafter, ‘Gonzalez’) claiming 5.0 £+ 0.2 Gyr.
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Figure 4.2: Figure 6 from |Gonzalez (2016a) showing the measured rotation periods
from that work combined with those from [Barnes et al. (2016), with the average
periods represented by white circles and the gyrochronology relations from
for 5.5 Gyr (dashed), 4.5 Gyr (dotted), and 3.5 Gyr (solid).

The inconsistencies between Barnes and Gonzalez, and the issues with our own
preliminary set of rotation periods from Chapter 3, should already alert us to the diffi-
culty in finding reliable periods from M67 with K2 data, but the challenges presented
by the nature of the light curves themselves add yet another layer of uncertainty.

Based on existing gyrochronology models, and on what we know about the Sun itself,



Chapter 4. Sinusoidal Injection Tests 98

the majority of M67 members are expected to have rotation periods between 20 and
30d with amplitudes of a few tenths of a percent. Even in the full Kepler field star
sample of [McQuillan et al.| (2014), which is based on four years of continuous obser-
vations, there are relatively few detections in this area of parameter space. Whether
this is a reflection of population demographics or merely sensitivity limits, the ~75d
K2 campaigns mean that we can only expect to see 2 — 3 rotation cycles for a typ-
ical M67 star, which makes finding long, low-amplitude rotation signals intrinsically
problematic. Moreover, despite our best efforts to remove the systematic effects as-
sociated with the reduced precision of K2 (as detailed in Chapter 2), the M67 light
curves no doubt still suffer from lingering artificial features, which are compounded
by the crowded field and relatively large Kepler pixels.

Indeed, a sample of 89 hot A and F stars from CO05 highlighted troublesome
features within the data, alerting us to the presence of non-astrophysical signals with
significant power at 25d and longer. While the selection of these hot stars is detailed
in Section it is enough to know for now that we should not expect to see periods
much longer than about 5d for these stars. However, this does not appear to be
the case in the C05 data. Figure [4.3| shows three different period distributions for
this sample of stars determined via the ACF, the Lomb-Scargle periodogram, and
a modified version of the Lomb-Scargle, which we implement in this chapter. As
common methods for rotation detection, the significant number of periods from the
ACF and the standard Lomb-Scargle above 25d implies that there is a substantial
risk of making erroneous period measurements on the order of 25 — 30d in M67.
Neither of the published studies accounted for this possibility.

In light of these troubling circumstances, a thorough analysis of K2 data becomes
imperative. We must understand, in terms of signal period and amplitude, the sen-
sitivity limits of the pipelines we use for light curve preparation and the reliability

of a measurement when a detection has been made. To achieve these quantitative
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Figure 4.3: Periods acquired from a set of 89 K2 C05 A and F stars using the ACF
(green) and the Lomb-Scargle periodogram (blue). We also include a normalized ver-
sion of the Lomb-Scargle periodogram (red), which we implement later in this chapter,
as a demonstration of how we can set detection thresholds and remove potentially
anomalous measurements.

performance measures, we embarked on a comprehensive set of systematic tests, in-
jecting over 120000 simulated, sinusoidal signals into real, raw C05 M67 SAP and
SS light curves, including those from the aforementioned set of A and F stars, before
processing each dataset using both the Oxford and CfA pipelines (see Chapter 2).
Our ability (or failure) to recover the injected signals, for which we know the correct
period and phase, represents the best-case scenario for effective period detection from
our processing techniques. Such information will guide us in the pursuit of a more
accurate and complete list of periods from M67, which is the aim of Chapter 5.
This chapter details the injection tests we conducted, from test set-up to implica-
tions for rotation studies, past and future, of M67. We first relate the selection of the

stellar samples used as the simulation basis light curves in Section [4.2] before describ-
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ing the signals we injected into these light curves in Section [4.3] Next, Section
defines our detection algorithm for recovering the injected periods, which is based
off the application of a normalized Lomb-Scargle periodogram. Section explains
how we analyze the test results before presenting them in Section [4.6] We discuss the

results in-depth in Section and, finally, summarize our findings in Section

4.2 The Stellar Test Samples

Injection tests simulate real datasets, mimicking the noise and sampling of actual
light curves with hypothetical astrophysical signals from planetary transits, flares,
or rotational modulation, in an attempt to understand our ability to recover them.
Because it is difficult to accurately reproduce the systematics of K2 C05 light curves,
we use raw light curves from that dataset as the basis for the injected signals. This has
some problems, of course, the most obvious being that the real light curves may have
a significant, astrophysical signal themselves, corrupting the results by interfering
with the recovery of the injected signal; we discuss our procedure for minimizing the
occurrence of this in Section [4.5] We use three different stellar samples from the C05

SAP and SS datasets, as well as a selection of hot stars taken from that campaign:

e The SAP sample: We use the 1877 SAP stars that fell on CCD module 6,
which contains M67. The majority of these stars reside on the cluster’s outer
edges; 1319 of the 1877 have EPICs that match with the Mathieu catalog (see
Section [2.2.2)), and 236 are confirmed members from [Geller et al| (2015).

e The SS sample: The SS sample contains 976 stars extracted from the M67
superstamp (using the Oxford pipeline) that match to the Mathieu catalog. Of
the 976 SS stars, 359 are confirmed members from |Geller et al.| (2015), and 75

stars overlap with the SAP sample.



101 4.2. The Stellar Test Samples

e The hot star sample: We define a hot star sample consisting of 89 main-sequence
stars located on CCD modules 6, 11, and 16 from C05, extracted with Kepler
simple aperture photometry. According to MAST, these stars have spectral
types from A to F; effective temperatures ranging from 6300 K to 10715 K (the
majority falling between 6300 and 7300K); B — V values of -1.0 to 0.45; and
log g values greater than 4.0. They lack an outer convection zone, or have only
a very thin one, and so are not able to support a large-scale magnetic field.
Therefore, they do not spin-down quickly (Schatzman, 1962)), and, if they do
display periodic variability from either pulsations (many of these stars lie in
the classical instability strip) or rotation (these hot stars are rapid rotators)
(Nielsen et all 2013b)), it is expected to occur on timescales of ~5d or less.
Thus, their light curves are expected to contain only noise and systematics on
longer timescales. These are ideal injection test targets, since they can reveal

where non-astrophysical signals dominate period searches, as we alluded to with

Figure Of the 89 hot stars, 22 overlap with the SAP sample.

Figure {4.4] shows the location of three samples on the C05 FOV, where the teal
circles, filling up all of CCD module 6, represent the SAP and SS stars, and the
scattering of orange diamonds represents the hot star dataset. We zoom in on channels
6.1 and 6.2 in Figure [4.5)to see the 1319 SAP and all 976 SS stars that comprise M67.
This figure displays images from the ESO Online Digitized Sky Survey centered on
each channel’s respective pointing. The stars from the SAP sample are highlighted
in blue, while the SS stars are marked in red.

We have now defined our three basis stellar samples to be used in the injection
tests. We ultimately have six datasets, however, because we perform the tests using
two different versions of each light curve: one version comes from the Oxford pipeline,

while the other is processed by the CfA pipeline.
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Figure 4.5: Zoomed in look at CCD channels 6.1 and 6.2, highlighting the M67 SAP
(blue) and SS (red) stars using two images from the ESO Online Digitized Sky Survey.
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4.3 The Injected Signals

We inject into each raw light curve in each of the datasets sinusoidal signals taking

the following form:

2m
-Pinj

Fnj = %Sin( £+ ) + 1 (4.1)

where fin; is the injected signal, ain; is the injected amplitude, P,; is the injected
period, ¢iy; is the injected phase, and t is time in days. To inject fi,j, we multiply
it directly into the raw light curve. We vary P, from 5 to 35d in intervals of 5d.
We vary a,;, as follows: 0.05%, 0.10%, 0.30%, 0.50%, 1.00%, and 3.00%. Each light
curve, then, is injected with 42 different combinations of periods and amplitudes,
leading to over 120000 injections in total for each pipeline to then process. The

phase, @iy, is selected at random for each injection, but we keep track of its value.

4.4 The Detection Algorithm

After we detrend the raw test light curves with the Oxford and CfA pipelines, we
must determine our recovery method. Because our injections involve only sinusoidal
signals, we use a modified version of the Lomb-Scargle periodogram (Scargle, |1982).
As discussed in Chapter 3, the Lomb-Scargle is equivalent to least-squares fitting of
sinusoids (Irwin et al., 2006)), and, in principle, is optimal to recover stable sinusoidal
signals with white Gaussian noise of known variance (which we assume).

Real stellar signals are not strictly sinusoidal, however; they contain significant
power at harmonics of the true period due to spot distribution, evolve with the active
regions, and may contain multiple periodic signals from differential rotation. Thus,
rotation period searches in Kepler and K2 data often use other methods that do not

depend on the assumption of sinusoidal form or strict periodicity (McQuillan et al.
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2013; |Angus et al., 2017). These methods have outperformed approaches based on
least-squares sine-fitting in real and simulated datasets. However, if we know the
signal of interest is sinusoidal, then a sine-fitting approach is likely to do at least as
well as these alternative methods. We employ Equation to search for 490 periods

from 2 to 100 days, using an evenly-spaced grid in frequency space.

4.4.1 Periodogram Normalization

If the light curves consisted simply of a stable sinusoidal signal plus white Gaussian
noise, locating the peak in the standard Lomb-Scargle periodogram would give us the
best-fit period, and evaluating the significance of the detection would be relatively
straightforward (see e.g. Horne & Baliunas| |1986; Nielsen et al., 2013b)). However,
this is not the case here, even after the systematics-correction steps of the Oxford and
CfA pipelines. Residual systematics, which remain in the light curves despite our best
efforts, often lead to broad peaks in the range of 25 — 60d, and can overwhelm the
peak from the injected signal. To address this, we perform a collective normalization
of the periodograms before searching for the final peak.

To normalize the periodograms, we compute the median periodogram as a function
of trial period for stars which we expect to share the same systematic noise properties
(i.e. separately for the SAP and SS sets, and for the Oxford and CfA pipelines). Each
star’s periodogram is then divided by the median, thereby suppressing the excess
power that is seen in many light curves. The normalized periodogram is thus given
by S'(P) = S(P)/S(P), where S(P) is the median periodogram value for period P.

The median periodograms are evaluated from the non-injected versions of the light
curves to avoid the induced power at fixed periods from their injected counterparts.
They can be seen in Figure[d.6] with the Oxford SS and SAP median periodograms on
the left and the CfA on the right. The SAP median periodograms for both datasets

include the hot stars, because in both cases they were processed using the same
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Figure 4.6: Median Lomb-Scargle periodogram for the non-injected SS (blue) and
SAP (green) datasets for both pipelines. The non-injected hot star dataset for each
pipeline separated from the SAP dataset is shown with red dashed lines. The Oxford
pipeline is on the left, and the CfA pipeline is on the right. The presence of broad
peaks around 30d and longer in the hot star sample highlights the presence of long-
term, non-astrophysical signals in the C05 light curves.

techniques, but Figure [4.6| also shows in red the hot star median periodograms sep-
arate from each SAP set. The broad peaks in the hot star periodograms of both
pipelines emphasize that these trends are non-astrophysical; we should not expect
periods longer than about 5d for these stars. We also note that the median peri-
odogram for the Oxford SAP set is higher overall, and peaks at longer periods, than
the Oxford SS sample, hinting that the former contains systematics with larger am-
plitudes on greater timescales. This is consistent with the relative amplitudes of the
PCA trends compared to noise for the two samples, which are smaller for the SS (see
Chapter 2). It also means that long-period signals will be more heavily suppressed
by normalization in the Oxford SAP sample.

Figure [4.7)illustrates the effects of normalization for an individual SAP star. The
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top panel shows two light curves for EPIC 211355490, injected with a period of 20d
and amplitude of 0.1% and fully processed with the Oxford (gray) and CfA (blue)
pipelines. The middle panel depicts the original periodograms prior to normalization
for both pipelines, while the bottom panel gives the normalized versions. The respec-
tive periods are indicated by vertical lines. There is a relatively strong, long-period
signal in the Oxford pipeline that is not present in the CfA (unsurprising given the
differences in Figure [4.6]), and this is what the Lomb-Scargle finds in the former,
settling on a period of 62d. On the other hand, the normalized Oxford periodogram
has a peak at 19.2d, which closely matches the injected period. The normalization
of the periodogram thus allowed us to find the ‘true’ period of Oxford version of this
light curve when otherwise it would have been lost by the systematic trend. The CfA,
however, appears to have done a better job of cleaning up systematics in the light

curve, and found peaks of 20.0d in both the original and normalized periodograms.

4.4.2 Detection Threshold

Once we have identified the peak in each normalized periodogram, we must decide
whether it is significant enough to count as a detection. The Lomb-Scargle always
produces a result, but it would be imprudent to accept every measurement. After
testing a number of possible schemes, we opted for the following detection threshold
definition:

= MAX(Sjy x C, Sl (4.2)

m

where S/ is the threshold value, and Sj, is the 90" percentile of the normalized
peridogram for a given light curve. The terms C and Sy, are tuning parameters
which we can vary to alter the relative and absolute components of the threshold,

respectively. For example, if S, = 4, and the value for C is set at 3, then the
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Figure 4.7: Example of the effect of periodogram normalization using EPIC 211355490
injected with a period of 20d and amplitude of 0.1%. The top panel shows the
systematics-corrected flux from the Oxford (gray) and CfA (blue) pipelines. The
middle panel gives the original periodograms for both pipelines, while the bottom
panel shows the normalized periodograms. The periods found in each periodogram
are indicated by the vertical lines, with the black lines depicting the Oxford periods
and the blue lines identifying the CfA periods. The CfA period in both cases is 20.0d,
while the Oxford period improves from about 62d to 19.2d.
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maximum power of the normalized periodogram must be at 12 or greater for the
associated period measurement to be considered a detection. The tuning parameter
Smin comes into play when Sj, x C' is so low that most peaks would qualify as a
detection; it ensures that there is a minimum threshold value. Both C' and S,,;, can
then be varied to test their effects on sensitivity and reliability, which we discuss in
the following section. If the highest peak in the normalized periodogram passes the
threshold defined in Equation [4.2] we have a detection and record the corresponding

period, best-fit amplitude, and phase. Otherwise, a result of ‘no detection’ is recorded.

4.5 Evaluating the Results

To evaluate the results of the injection tests, we need to quantify how sensitive the
period search is, i.e. what fraction of the injected signals are successfully recovered,
and how trustworthy the detections are, i.e. what fraction of the detections are ‘valid’,
meaning that the measured period and phase are within some tolerance of the injected
values. We must also deal with the problem of intrinsically variable stars and settle
on values for C' and S,;,. Here, we define key terms for interpreting the injection test
results, discuss the identification and removal of stars with real variability from the

test sample, and finalize our detection threshold based on the effects of C' and Syi,.

4.5.1 Valid detections, completeness, and reliability

The important terms in understanding the statistics from this study are as follows:

e Validity: We consider a detection to be walid if the recorded period and phase

are within 20% of the injected values.

e Completeness: For a given injected period and amplitude bin, we define com-

pleteness as the fraction of injected signals which led to a valid detection, i.e.
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if we injected 100 stars with a period of 25 d and amplitude of 0.3%, what per-
centage were we able to recover? We also calculate a threshold error statistic,
which records the fraction of cases where the period and phase corresponding
to the highest peak in the normalized periodogram were within the valid range,

but the peak was not high enough to pass the detection threshold.

e Reliability: For a given range of measured periods and amplitudes, we define

the reliability as the fraction of valid recorded detections within that range.

Another way to understand completeness and reliability is to look ahead to Fig-
ure , which shows (for the hot star sample) the detected versus injected periods
at each of the injected amplitudes. For completeness, we consider a vertical bin in one
of these diagrams around one of the injected periods. The completeness is given by
the number of detections (colored points) in that bin which are valid, divided by the
total number of points in the bin. To be valid, a detection must lie within the gray
shaded area, which indicates a < 20% period error. In addition, as defined above, a
valid detection must also have a < 20% phase error (not shown on the figure). We can
think of reliability as being similar, but considering a horizontal rather than vertical
bin in the same kind of diagram. This is not quite correct, however, since reliability
is computed for a given detected period and amplitude, whereas the figure has been

made with respect to injected amplitude.

4.5.2 Calculating Uncertainties

To estimate the uncertainties, we assume a Poisson distribution with respect to both
completeness and reliability and define the uncertainty as:
1

o= i\/_ﬁ (4.3)

where N is the number of injections per injected period and amplitude bin (i.e. no.
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of injected amplitudes x no. of injected periods x no. of stars in each test sample)
in the case of completeness. For reliability, N is the total number of detections in
each measured period and amplitude range. Therefore, for each test set within each
pipeline, the individual completeness values will have the same uncertainty while the
reliability will vary from bin to bin. We recognize this is a little simplistic, but the
more sophisticated approach would require repeating the injections many times, which

would be too time-consuming. For our purposes, this is a good first approximation.

4.5.3 Intrinsically Variable Stars

We injected signals into real K2 light curves to faithfully reproduce the noise proper-
ties of actual M67 light curves. Thus, we implicitly assumed that most do not already
contain a detectable intrinsic periodic signal. However, of course, some do. In such
cases, a detection might in fact be caused by the intrinsic, rather than the injected,
signal. This can lead to detections which appear ‘invalid’, but are in fact correct,
biasing the results. To avoid this, we run the period search on the non-injected ver-
sions of the light curves. If a detection occurs in any of these, the star is labelled
as intrinsically variable, and all of the corresponding, injected versions of this star’s
light curves are excluded from the completeness and reliability statistics. This means
that only a fraction of the total number of injections we performed is actually used
in the final results. This is not entirely satisfactory, since we do not know whether
the signals detected in the non-injected light curves are come from systematics or
intrinsic stellar variability. Furthermore, the number of stars excluded as ‘variables’
depends on the detection threshold used. However, we were unable to devise a better
solution. We note that, for reasonable threshold values, the variable stars represent

a relatively small minority of the test light curves.
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4.5.4 Varying the Threshold

While we have argued that a sine-fitting periodogram is the most appropriate ap-
proach for the recovery of the injected signals, the results of course depend on the
fine details of normalization and the detection threshold. We have already alluded
to the effects of the former. Regarding the latter, a lower threshold can be used to
increase completeness slightly, but it also leads to a drop in reliability in the cor-
responding bins. If measured rotation periods in an actual period search are to be
compared with theoretical models, it seems preferable to prioritize high reliability
over slight gains in completeness — so long as the completeness itself is also well-
measured, so we can account for missed detections when comparing the measured
periods to theoretical expectations.

To see the effects of changing the tuning parameters of the detection threshold on
completeness and reliability, for each injected light curve, we recorded the normalized
periodogram peak S’; the corresponding period, phase, and amplitude; and the 90"
percentile of the normalized periodogram, Sj,. It was then trivial to vary the value
of C' and Sy, in Equation to examine the impact that these values have on
completeness and reliability, as well as on the number of stars labelled as intrinsically
variable and subsequently removed from the final quantitative assessments.

We varied C' = 0 to C' = 6 while holding S,,;, at 5, and tested Sy, from 0 to 12
while holding C' at 4, using the Oxford pipeline. A sample of the results can be seen
in Figures and 1.9 Each figure shows the effect of changing C' on the top and
Smin on the bottom. Figure illustrates the effects on completeness for an injected
period of 25 d across all injected amplitudes. In both panels of this figure, the number
of stars in each injected period and amplitude bin is given. We can see that at C' =0
and C' = 1, the results are dominated by the minimum threshold value, but they
have relatively few stars per bin. Completeness then peaks at C' = 2 before starting

to decline again. There is an increase of ~500 stars per bin at C' = 2, followed by
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Figure 4.8: Comparison of completeness values for an injected period of 25d at all
injected amplitudes for different values of C' (top row) and S,,;, (bottom row). For
the top row, S,,;, was fixed at 5. For the bottom row, C' was fixed at 4. The legends
are also marked with the number of stars in each injected period and amplitude bin
for each value of C' and S,,;,. It is worth noting that by S,,;, = 12, all sensitivity at
periods greater than 25d was gone. We used the Oxford pipeline for these tests.

another 500 stars at C' = 3. Beyond C' = 3, the number of stars per bin still grows,
but less rapidly. For Spi,, the completeness essentially stays the same until about
Smin = 8. By Suin = 12, the completeness drops to about half the values at Sy, =0
at amplitudes of 0.5% and less. Not visible in Figure is the fact that all sensitivity
at periods greater than 25d is lost. The number of stars per bin slightly increases
with Spin. Thus, as expected, C has a much greater effect on the number of stars per
bin and, more importantly, completeness, than S.;,, as long as Sy, is not too high.

Likewise, in Figure 4.9 we see how C' and S,,;, affect reliability across the ranges of

measured periods in this study. We have fixed the measured amplitude to the range
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Figure 4.9: Comparison of reliability values for a measured amplitude between 0.25%
and 0.45% across all detected periods for different values of C' (top row) and S,.in
(bottom row). For the top row, S, was fixed at 5. For the bottom row, we fixed C'
at 4. It is worth noting that we lost sensitivity for detections greater than 32.5d at
Smin = 8, and we lost sensitivity for detections greater than 27.5d at S,,;, = 12. We
used the Oxford pipeline for these tests.

of 0.25% to 0.45%, just above the solar range. As expected, reliability generally
increases as C' increases, noticeably so until about €' = 4. The effect of changing
Smin, however, is negligible except at long periods, where reliability decreases until
Smin = 8. Here the reliability is zero, but with very few detections, and beyond, the
number of detections drops to zero for periods longer than ~30d.

Figures[4.8 and [£.9]demonstrate the trade-off between completeness and reliability.
Using large values for C' and Sy, i.e. a stringent detection threshold, leads to low

completeness and large threshold error, but excellent reliability. A high threshold
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also means that fewer stars are marked as intrinsically variable, so more injected light
curves are used to compute the final statistics. As the threshold is gradually lowered,
completeness increases and threshold error decreases, at the cost of reduced reliability.
The number of variable stars also grows, and for very low detection thresholds almost
all stars are excluded, leaving relatively few in the test samples. Therefore, we settled
on C' =4 and Sy, = 4 as the best compromise. When using these values, 238 of the
1877 stars in the Oxford SAP were marked as intrinsically variable, as were 120 of
the 976 SS stars and 23 of the 89 hot stars, leaving 1639, 856, and 66 stars in each
set, respectively. Using the same tuning parameters for the CfA pipeline, we are left

with 1587 SAP stars, 848 SS stars, and 70 hot stars.

4.6 Injection Test Results

With the injection tests set up and the detection threshold properly defined, we
can compute completeness and reliability for each of the stellar samples from both
pipelines. This section presents those results, though additional tables can be found
in Appendix A. The results from the CfA pipeline come from the single-scale PDC-
MAP, as opposed to multi-scale PDC-MAP. This is because, across the board, the
former performed better for our purposes, as expected (see Section . Section

discusses the results in-depth.

4.6.1 Recovered versus Injected Periods

We present the initial results in Figures through [4.15] Each of these figures is
made up of six panels, corresponding to the injected amplitudes of 3.0, 1.0, and 0.50%
(top row), and 0.3, 0.1, and 0.05% (bottom row). Within each panel, the colored cir-
cles represent detections, while those that did not pass the detection threshold are

shown as smaller black dots. The gray shaded area in each plot shows the period
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Figure 4.10: Detected versus injected period at each of the injected amplitudes for
the hot star sample processed with the Oxford pipeline. Colored points represent
cases which passed our detection threshold; those which did not are shown as smaller
black points. The shaded grey area shows the region where the injected and detected
periods are within 20% of each other.

validity range, though recall that a +20% phase match is also required. Phase con-
siderations aside, a black point in the shaded area is a missed valid detection, whereas
a colored circle outside the shaded area is an invalid detection. We excluded stars
marked as intrinsically variable. As expected, the number of both missed and invalid
detections increases with longer periods and smaller amplitudes. While there are
other interesting features from these plots to be discussed, some manifest themselves

in the completeness and reliability, presented below. We therefore only present the

results in this section, and defer a more detailed discussion to Section [4.7]

4.6.2 Completeness and Reliability

We now present the completeness and reliability results here in graphical form, al-

though tables with actual values and uncertainties can be found in Appendix A. The
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Figure 4.11: Same as Figure but for the hot star sample processed with the CfA

pipeline.
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Figure 4.12: Same as Figure 4.10, but for the SAP sample processed with the Oxford

pipeline.
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Figure 4.13: Same as Figure [£.10] but for the SAP sample processed with the CfA
pipeline.
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Figure 4.14: Same as Figure but for the SS sample processed with the Oxford
pipeline.
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Figure 4.15: Same as Figure [£.10] but for the SS sample processed with the CfA
pipeline.

completeness for the Oxford and CfA pipelines are shown in the top and bottom rows
of Figure [£.16] respectively, and the columns, from left to right, belong to the hot
star, SAP, and SS datasets. We have identified in blue the solar case, or where the
injected period is 25d and the amplitude is 0.1%.

Figure presents the reliability for the Oxford and CfA pipelines in the top and
bottom rows, respectively, and the columns again indicate the hot star, SAP, and SS
samples. Each bin represents the percentage of valid detections within the measured
period and amplitude range. The bins with red dots are those with relatively few
detections. We consider SAP and SS bins with <100 detections and hot star bins
with <30 detections as insignificant. All three samples, from both pipelines, have
very few detections in the longest period, lowest amplitude bins. The corresponding
(generally very high) reliability values therefore have large uncertainties and should
not be treated as very meaningful.

Finally, Figure shows the injected versus detected amplitudes for valid detec-
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Figure 4.16: Completeness tables for the hot star (left), SAP (centre), and SS samples
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each dataset.
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Figure 4.17: Reliability for the hot star (left), SAP (centre), and SS samples (right),
detrended with the Oxford pipeline (top row) and the CfA pipeline (bottom row).
The red circles represent where there were less than 30 detections in the hot star
sample and less than 100 in the SAP and SS samples.
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Figure 4.18: Injected vs. detected amplitude for the valid detections in the hot star
(left), SAP (centre), and SS samples (right), detrended with the Oxford pipeline (top
row) and CfA pipeline (bottom row). The associated injected periods are marked in
different colors.

tions from the Oxford (top) and CfA (bottom) pipelines. The detected amplitudes
can differ significantly from the injected ones for several reasons. First, the basis
light curves may already contain some power at the corresponding period. Second,
the intrinsic noise levels of the light curve will affect the amplitude of the flux as a
whole. Lastly, the systematics correction steps can alter the injected signal, in some

cases leading to measured amplitudes that are smaller than the injected ones (e.g.

the Oxford SS).

4.7 Discussion

Here we dissect the injection test results, unveiling not only the sensitivity limits of

two prominent light curve preparation pipelines, but also the challenges in conduct-
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ing M67 rotation period searches with K2 data and subsequent implications. We
start with a brief discussion on the effects of periodogram normalization in light of
completeness and reliability. Next, we look at the ‘ideal case’ of the hot star results
before moving on to the SAP and SS results. We then provide an overall comparison
of the samples and pipelines, commenting on the effectiveness of the latter. Finally,
we will discuss the ramifications of our results on M67 rotation studies using only K2

C05 data, particularly those of Barnes and Gonzalez.

4.7.1 Residual Long-term Trends

We now revisit the effects of periodogram normalization in light of the final results.
As mentioned in Section [£.4.1], the median periodograms shown in Figure tell us
a lot about the residual trends present in the light curves after dretending by the
Oxford and CfA pipelines. For the SAP and SS samples, the median periodogram
rises steeply for periods above 20d, peaking around ~50 — 55d and ~40 — 45d,
respectively, before decreasing again and flattening off for periods > 80d (to which
we expect little or no sensitivity in K2 light curves, anyhow). While evident in both
pipelines, this feature is much more dramatic in the Oxford pipeline. Regardless, the
power present at periods relevant to a study of M67 in both hot star samples shows
that this is non-astrophysical, despite our systematic corrections. Furthermore, the
differences between the SAP and SS are significant: our a priori expectation was that
the SS might be more problematic than the SAP due to increased crowding in the
densest parts of M67. However, the median periodograms tell a different story, with
considerably more residual power in the 30 — 70 d period range in the SAP than the
SS light curves for both pipelines.

Normalizing the light curve periodograms has proven to be a critical step in re-
covering the injected signals. If the standard periodograms were used for period

detection, the long-term residual trends would lead to numerous false detections at
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Figure 4.19: Comparison of completeness and reliability results for the Oxford hot
star (top row) and SAP (bottom row) datasets with (blue) and without (red) normal-
ization of the Lomb-Scargle periodogram for the solar amplitude (0.1% for complete-
ness, 0.07 — 0.25% range for reliability). The left panels show the completeness (solid
lines) and reliability (dashed lines) results, while the right panels show the number
of detected periods with measured amplitudes of 0.07 — 0.25%.

mid-to-long periods. To see the exact effect of using the regular Lomb-Scargle versus
our adaptation on completeness and reliability, we recovered the periods for the Ox-
ford hot star and SAP injected datasets without normalizing the periodograms. For
a detection threshold, we followed the example of |[Nielsen et al.| (2013b)) and set the
threshold at four times the root mean square of the zero-mean time series, though we
removed the same stars that had been marked as variables in the main test sets.
Figure shows the completeness and reliability for the solar amplitude (0.1%

injected amplitude for completeness, 0.07 — 0.25% measured amplitude for reliability),
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along with the number of detections with measured amplitudes ranging from 0.07 to
0.25% at different periods (similar to the numbers in brackets in Tables through
. Results with normalization are in blue, while those without normalization are
in red. Due to the lower detection threshold criteria and the long-term trends seen
in the median periodograms, the number of detections for the un-normalized samples
increases significantly compared to the normalized hot star and SAP samples. This
allows for an increase in completeness, including at the solar case, which improved
from 17% to 39% and 2% to 17% for the hot star and SAP samples, respectively. Com-
pleteness also begins to rise with increasing period starting around 25d, countering
the general trends of the normalized sample (which we will discuss below). However,
as expected, the reliability at periods of 25d and longer decreases drastically, and
there is a disproportionate number of detections at these longer periods.

It is clear from Figure that the normalization procedure we devised to avoid
the lingering, long-term systematics is fairly successful, especially compared to the
standard Lomb-Scargle periodogram. As further evidence for the justification of nor-
malizing the periodograms, we record consistently high reliability wherever we have a
significant number of detections (see Figure and Tables to in Appendix
A). However, this normalization is not a perfect solution, since it also suppresses the
detection of real signals at longer periods, as apparent from Figure [£.16 Avoiding
the trap of lingering systematics by normalizing the periodograms may sometimes

come at the cost of real astrophysical signals.

4.7.2 The Hot Star Sample

The 89 hot stars should not show significant rotational modulation beyond about 5d,
making them ideal injection test targets. We can be confident that if we see a long
period where we did not inject one, it is most likely the result of lingering systematics.

For the Oxford pipeline, we were left with 66 stars after removing 23 variables (i.e.
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those which have an astrophysical signal that could interfere with the results). Of
these 23, 19 had detected periods of less than 10d, and the rest had periods of less
than ~16d, apart from one (see Figure . In the CfA pipeline, we used 70 stars
in the final analysis. All 19 variables had periods under 12d. These numbers again
suggest that our normalization works reasonably well in both pipelines. The presence
of flagged variables with periods longer than 5d indicates that the hot star sample
may be contaminated by background stars, or that it contains a number of cooler F
stars, but it is good enough for our purposes.

As we can see in Figures and [£.11] we do a good job recovering the injected
periods from both pipelines in the hot star sample. Some of the invalid detections
likely come from variables — possibly pulsators — not removed from the sample but
with low amplitudes. Where these start to become detections at the lowest injected
amplitudes, the injected signal may be ‘boosting’ (i.e. increasing the amplitude of the
intrinsic signal) them just enough to be detected. Even for very regularly sampled
data like K2, injecting a signal at a given period affects the periodogram at other
frequencies in a complex way. A number of the invalid detections could also be the
result of normalization, which promotes shorter periods at the expense of longer ones:
when dividing out the median periodograms, the lower power seen at short periods
in Figure increases short-period significance relative to longer periods.

The hot star completeness for both pipelines can be found in the leftmost panels
of Figure [4.16| and in Tables and in Appendix A. As expected from simple
signal-to-noise arguments, we see completeness decline with increasing injected period
and decreasing injected amplitude for both pipelines. We point out that the best-case
scenario for recovering a solar-like signal of 25d and 0.1% amplitude is ~45% from
the hot star dataset. As a whole, however, the limited size of the hot star sample
means that the individual completeness values are somewhat uncertain (£ ~12%) for

both pipelines.
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The reliability in the hot star sample from either pipeline is consistently high
(>90%). High reliability means that we can typically trust a detection made within
a measured amplitude and period range. We can see from Figure that where we
have a significant number of detections (more than 30 for the hot star samples), we
can be fairly confident in our results, though again, the uncertainties are relatively
large for the hot star samples. The high reliability also indicates that normalization
did not introduce low frequency signals into light curves that did not have a strong

intrinsic signal in the first place, again reinforcing the validity of this step.

4.7.3 SAP and SS Completeness and Reliability

We have shown that the hot star sample is important for validating periodogram
normalization and highlighting the presence of non-astrophysical power around 25d
and longer in the K2 CO05 light curves. We now discuss the results from the SAP and
SS, which specifically illustrate the complexity of a period search in M67. Figures|4.12
to .15, which show the detected versus injected periods for the SAP and SS datasets
from both pipelines, are a lot messier than their hot star counterparts due to the
larger sample sizes and more diverse stellar populations within. However, like the hot
stars, detections become sparser and less reliable as the injected period increases and
the injected amplitude decreases. In addition, lingering power around 10 — 20 d seems
to exist in the SAP and SS light curves. This power was either not originally strong
enough to mark the light curves as variables until boosted by a lower-amplitude,
injected signal, or it could be the result of half-period harmonic measurements from
the Lomb-Scargle.

The completeness for the SAP and SS samples are in the middle and far right
panels, respectively, in Figure As with the hot stars, we see the same gen-
eral trend of diminishing completeness with increasing injected period and decreasing

amplitude, but it has been exacerbated. For both samples from either pipeline, col-



Chapter 4. Sinusoidal Injection Tests 126

lapsing the figures onto either axis, the completeness falls around or below 50% for
amplitudes <0.50% and periods >20d, showing just how hard it is to detect long-
period, low-amplitude signals in either dataset. Of particular importance is the solar
case, highlighted in blue in Figure [4.16], where the injected period is 25d and the
amplitude is 0.10%. Critically, the completeness here is ~15% or lower for both the
SAP and SS in either pipeline. Even with the best-case scenario of perfect sinusoidal
signals, solar variability, which we expect in M67, is clearly difficult to find with our
detection criteria.

The middle and far right panels of Figure present the reliability for the SAP
and SS. Again, just like the hot stars, where there is a significant number of detections
(> 100 for these larger datasets), the reliability for the SAP and SS rarely drops below
90% for both pipelines. This is encouraging, as it shows that the procedure we have
developed should lead to relatively few false alarms, i.e. where we do get a detection,
we can generally trust the measurement.

There are a few striking features in Figure [4.17, however. Detecting long periods
(particularly at ~35d) in the Oxford SAP sample appears to be not only more difficult
than the CfA pipeline, but also less reliable. The low reliability in this period range
could either be a result of periodogram normalization or a failure to correct the
residual long-term trends in the data, which the CfA pipeline does better. The
Oxford SAP sample also has lower reliability in the shortest period, lowest amplitude
bin. This could be an effect of promoting short-period signals when dividing out the
median periodogram. We experimented with adding a ‘floor’ to the Oxford median
periodograms, by which we set any value below a given threshold to that floor in an
attempt to reduce this effect. We tested floor values of 0.005 and 0.01. While these
did improve reliability in the short period, low amplitude bin, the floors tended to
reduce reliability overall in all three Oxford samples, particularly the hot star and SS

sets, and especially around mid-range periods. Thus, we decided to exclude a floor
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from the study to avoid further artificial effects.
One surprising feature in the SS reliability is the lack of detections across all
periods at amplitudes of 2.0% and greater for the Oxford pipeline, even though many

3.0% signals were injected. This can be seen in both Figures and [4.18] If we then

compare the number of SS detections from one pipeline to another in the amplitude

ranges of 0.75% — 2.00% and 0.075% — 0.25% in Tables [A.11| and [A.12] in Appendix

A, there are systematically more detections in the Oxford pipeline than in the CfA
pipeline for each range. This indicates that the amplitudes of the Oxford SS are
suppressed, primarily after the PCA. Though the PCA may also suppress amplitudes
in the Oxford SAP, it is more evident in the SS due to the high noise amplitude of the
SS PCs compared to the SAP PCs (see Chapter 2). The amplitude suppression could
also indicate that the Oxford pipeline removes some intrinsic variability in addition
to systematics. Despite the suppression, however, the signals remain intact enough

to be detected at a similar rate as the CfA SS, just at lower amplitudes.

4.7.4 Comparing the Samples and Pipelines

Now that we have examined all of the test samples, we can compare the relative
performance of each, particularly regarding their respective light curve preparation
methods. In both pipelines, the hot star sample has both the highest completeness
and reliability across the injected and measured period-amplitude bins, but that is
to be expected due to the sample’s smaller size and less diversity in spectral type. In
addition, the hot stars should be better at preserving the injected sinusoids, as they
should be ‘quieter’ and have less rotational modulation or other competing signals
in the original light curves. Finally, the average brightness of the hot star dataset is
K, = 11.0, while the combined average of the SAP and SS datasets is K, = 15.3, and
the number of valid detections generally decreases with increasing magnitude.

The Oxford SS completeness is slightly lower than the Oxford SAP at short pe-
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riods and large amplitudes, but it is better for periods > 15d and amplitudes below
about 0.50%. In addition, the SS sample is more reliable for both the longest and
shortest detected periods. These differences are likely due to the separate light curve
extraction methods in the Oxford pipeline. The SAP sample is extracted with pixel-
lated apertures, which may not be very optimal for a crowded field, even in the outer
regions of the cluster. The SS sample, however, uses deblended, circular apertures,
making it better able to deal with crowding.

On the other hand, the CfA SAP completeness and reliability are very comparable
(or slightly higher) across most bins when compared against the CfA SS sample. The
slight advantage to the SAP sample is probably due to less crowding, as the two
datasets are extracted and processed the same way in the CfA pipeline. In addition,
the larger size of the SAP sample means that there is a bigger matrix from which to
characterize and correct the common-mode trends via PDC-MAP (or PCA, in the
case of the Oxford pipeline). This could partially help explain the generally higher
completeness values from the SAP sample in either pipeline, as well as the higher
reliability in the CfA case.

With respect to completeness, the CfA pipeline performs slightly better than the
Oxford pipeline, particularly in the hot star and SAP samples. Thus, Figure {4.20
provides the average completeness (and associated reliability in smaller text) from
the CfA SAP and SS samples as a summary of the best we can do with K2 C05
M67 data. The solar case is highlighted in red. The differences between the Oxford
and CfA pipelines are rooted in the approaches each takes to produce corrected light
curves from raw K2 data. The moving apertures and deblending procedures during
light curve preparation give the Oxford pipeline an edge in certain cases, especially
with the SS, but the larger, more optimized aperture selection from the CfA pipeline
is superior elsewhere. While the Oxford pipeline typically better removes systematics

from strongly variable stars (see Section , most M67 targets won’t be sufficiently



129 4.7. Discussion

100

3.00 9

a4% 33% 80
= 1.00
§‘_~: 93 13.0%| 86 +3.8% 0
9 S
= 40% 30% 23% 60 =
= 050 o
= 89 :3.7% |90 -3.6% | 81 -5.2% &
£ 50 @
D
< 0.30 37% 34% 28% 17% =
o 97 +3.4% |90 +3.6% | 90 +3.2% | 78 :4.5% | | |40 E
- @]
O 30
= 32% 16% 14% 11% 7% {
£ o.10
88 +3.4% | 86+4.1% 96 +4.5% |96 +5.4% |93 +5.1% | 71=6.6% | | |,
0.05 17% 9% 5% 3% 3% 2% 110
"7 |96+3.8% |89 +5.1% |96 +7.3% [98 + 10.0"/-189 +12 .9-’/.197 413 .7%r;s +18.6%)
LJo

5 10 15 20 25 30 35
Injected Period (d)

Figure 4.20: Average completeness (top number) and the roughly associated reliability
(bottom number with uncertainty) for the CfA SAP and SS samples, with the solar
case highlighted in red. The uncertainty for the completeness values is £2.1%. Note
that the reliability values do not perfectly match the injected amplitudes and periods
but are representative of the ranges shown in Figure

variable on short timescales, so the advantage is minimal. Finally, the more sophis-
ticated PDC-MAP outperforms the relatively crude PCA in common-mode trend
removal. While an ideal pipeline would combine the best elements of the the two, the
performance of the existing pipelines is comparable, and both are valid options for
an analysis of K2 light curves. Most critically, however, for both pipelines, the solar
case completenesss in the SAP and SS is at best ~15%, illustrating just how difficult

it is to detect 0.1% amplitude, 25d signals in a single campaign of K2 data.
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4.7.5 Implications for K2 MG67 rotation studies

The injection test results indicate that measuring rotation periods for solar-like stars
in M67 based on their K2 light curves is challenging. Specifically, for the best case
scenario of solar-like rotational variability — 0.1% amplitude, 25d non-evolving si-
nusoidal signal — our completeness maxes out at 14% and 15% for the SAP and
SS samples, respectively. Considering that detecting non-sinusoidal, evolving spot-
modulation will be more difficult, these results suggest that both current and future
rotation period measurements in M67, based solely on on campaign of K2 data,
must be carefully examined before they are used to guide stellar angular momentum
evolution models and/or calibrate gyrochronology relations.

We consider the 20 stars with measured rotation periods from Barnes and those
from Gonzalez where we had detections from either pipeline. Recall that all of these
light curves come from the SAP sample. Since we do not have amplitude measure-
ments for the versions of the light curves used in either paper, we estimated them
by binning the flux of each light curve based on the reported period and taking the
median of the difference between the 95" and 5" percentiles of each bin. We did this
for both the Oxford and CfA versions of each light curve and averaged the values.
We then estimated the completeness and reliability based on the corresponding SAP
results from this study. We averaged the Oxford and CfA completeness for the in-
jected period and amplitude bins closest to the determined values. If the calculated
amplitude was halfway between the injected amplitudes, we used the higher ampli-
tude bin. We also used the average Oxford and CfA reliability from the appropriately
ranged bins into which the reported periods and estimated amplitudes fell.

The results are shown in Tables and at the end of this chapter. The com-
pleteness for the reported periods from Barnes is low, averaging at ~27%, with only
one period falling into a range above 50% (EPIC 211394185). The corresponding reli-

ability is high, only dipping below 95% in one instance (EPIC 211397512). However,
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these values are a bit misleading, since they only really apply to those cases where
we would actually get a detection according to our criteria, i.e. using a threshold
factor of C' = 4. If we have a detection in an area with low completeness, then the
result is generally trustworthy. Therefore, in Table 4.1, we also give the period for
the corresponding, non-injected light curves from the Oxford and CfA pipelines where
we had a detection based on our threshold (i.e. where the star was classified as a
‘variable’). For this sample of stars, the Oxford pipeline only has 3 detections, while
the CfA has 4. Almost all of these detections appear to be rough harmonics of the
published result from Barnes, while the CfA period for EPIC 211423010 is close to
the Barnes value.

Due to the low number of detections from either the Oxford or CfA pipelines,
we wanted to see how much we would have to lower our detection threshold for
the periods in the Barnes study to be counted as detections in both pipelines. The
complete results from this test are given in Table in Appendix A. In most cases,
the value of the threshold factor C' had to be reduced to 2 or 1 for the measured
period from either pipeline to be counted as a detection, which means the reliability
falls considerably; the average Oxford reliability across the 20 stars is 65%, and the
average CfA reliability is 61%. In addition, the Oxford and CfA periods still rarely
match the published values (though in some cases they are harmonics), and they do
not always match each other.

Returning to our results from using a threshold factor of C' = 4, both the Ox-
ford and CfA pipelines have detections for EPICs 211394185 and 211411621 from the
Barnes sample. Figures and show the Oxford and CfA versions of these two
light curves, respectively, along with the original and normalized periodograms in
the middle and bottom panels, respectively. While obviously variable, a clear period
is difficult to find by eye in either case, though it appears that the normalization

suppressed any power at a period that would be comparable to the Barnes result.
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The normalization step is important for avoiding false positives, however, as we have
shown. We recognize that Barnes used several different period detection methods
besides the standard Lomb-Scargle. However, the concern here is obviously the un-
derlying signal, and the paucity of detections from the Oxford and CfA pipelines, as
well as the lack of agreement with the Barnes result where we do have one, show just
how challenging it is to measure solar-like signals in K2 data.

In Table 4.2, we have a list of 18 EPICs from either the ‘PDCSAP’ or ‘K2SC’
samples given in Gonzalez where we had a detection from at least one of our pipelines.
The average completeness is ~60%, which is higher than the Barnes sample, and the
reliability is >95% (except in one case, EPIC 211430648), but the stars listed here
are only a small fraction of those published by Gonzalez. The PDCSAP sample in
total has 98 reported periods; we detected 16 from this sample. The K2SC sample
had 40 periods; we detected 9. In addition, notice that none of the stars in Table
show up in [4.2] meaning that of the 9 stars reported by Gonzalez that overlap with
Barnes, neither the Oxford nor the CfA pipeline records a detection. However, as with
the Barnes detections, the CfA and Oxford results agree with each other, and they
are either in agreement with the Gonzalez value, or they are rough harmonics. The
harmonics highlight ambiguity in the light curves, while the general lack of detections
from the Gonzalez sample — especially where reported from Barnes — reinforces the
conclusions we have already made about finding solar-like signals in M67.

We can use the completeness and reliability statistics from this work to guide
future re-evaluations of M67 periods from K2 data. Reliability establishes amplitude
and period thresholds for detecting true signals in M67. We can probably trust
detections in a measured period and amplitude bin with reliability of 80% or higher,
suggesting that 1 or fewer out of every 5 measurements is likely to be unreliable.
However, we need to take into account completeness, as we simply cannot say anything

about the true number of stars with periods and amplitudes corresponding to a given
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Figure 4.21: Light curves and periodograms for EPIC 211394185 from the Oxford
(gray) and CfA (blue) pipelines. The top panel displays the light curves, while the
middle panel gives the original periodogram power for both pipelines, and the bottom
panel shows the normalized periodograms. In both periodogram panels, the black
lines show the final Oxford period, the blue lines show the location of the final CfA
period, and the red lines show the location of the period from the Barnes paper.
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Figure 4.22: Same as Figure except for EPIC 211411621.
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bin without it; completeness tells us what fraction of potential detections we miss.
For example, if we have three detections in a bin where the completeness was 50%,
we know that we missed approximately 3 other stars in that range.

It is important to recall that these sinusoidal injection tests represent a ‘best case’
scenario: real rotation signals are non-sinusoidal and evolve over time, and both of
these factors are likely to affect their detectability in a negative way. Therefore,
although it is of course possible that better light curve extraction, detrending, and
period search methods might be devised than those we have used here, it seems rather
unlikely that the detectability of true rotation signals will improve much beyond what
we have shown. In short, the K2 C05 data may allow the measurement of some
rotation periods for main-sequence stars in M67, but only if they are relatively active

and display amplitudes somewhat larger than the active Sun.

4.8 Conclusions

Because of M67’s immense scientific potential, we want to have a full understanding
of the limits of the data we are using to measure this cluster’s rotation periods.
Though K2 does have relatively high precision, especially compared to ground-based
observations, the data still suffers from stubborn systematic features, and the ~75d
observation window means that it will be challenging to identify periods of 25d or
longer, which we are expecting for a cluster the approximate age of the Sun. The
crowded field will make this task even more difficult. It was the goal of this chapter
to understand how these challenges manifest themselves so that we can ultimately
acquire a set of M67 rotation periods in which we have confidence.

We devised a series of sinusoidal injection tests with real C05 data to determine
our best-case sensitivity limits. We used the SAP light curves processed via the

Kepler pipeline that fell on CCD module 6 (which encompassed M67), M67 mem-
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bers contained in the superstamp, and a small set of hot A and F stars scattered
throughout the C05 FOV as the three test samples. Into each raw light curve of each
sample, we injected sinusoids with six different amplitudes ranging from 0.05% to
3.0% and seven periods ranging from 5 to 35d. We separately processed the injected
light curves using the Oxford and CfA pipelines. We defined a detection threshold
and ran the Lomb-Scargle periodogram on the injected light curves and their non-
injected counterparts, which we normalized by dividing out the median periodograms
of the latter. Those non-injected light curves whose normalized periodograms met
the detection threshold were marked as ‘variable’ and correspondingly removed from
the injected samples. Finally, we analyzed the results of the period search on the re-
maining injected light curves in terms of completeness and reliability. Completeness
describes our sensitivity in recovering the injected signals, while reliability quantifies
how trustworthy a detected period is within a measured amplitude range.

The results of the injection tests shed light on the nature of the K2 M67 data.
The hot star samples from the Oxford and CfA pipelines highlighted the presence
of non-astrophysical trends with power at ~25d and longer, a problematic feature
given the periods we expect in M67, which necessitated periodogram normalization
before the period search. In general, for three samples from both pipelines, complete-
ness diminished as injected period increased and amplitude decreased. The hot star
completeness was higher than the SAP and SS samples due to the brightness of the
stars in the sample and the lack of rotational modulation beyond about 10d for this
particular dataset. However, for the SAP and SS from both pipelines, the complete-
ness falls around or below 50% at injected periods of 20d and amplitudes of 0.50%.
Crucially, at the solar case — where the injected period is 25d and the amplitude
0.10% — the maximum completeness is only ~15% for the SAP and SS. Despite
the generally low sensitivity, reliability is typically very high, consistently at values

greater than 90%, except in the instance of very long periods (~35d) and a couple
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cases at detected periods of around 15d with moderately low measured amplitudes
(0.075 — 0.25%). While it is very difficult to detect the kind of periods we expect to
see in M67 given its age, if we do get a detection, we can generally trust the result.

The CfA completeness is generally greater than the Oxford pipeline in both the
SAP and SS samples. Except at long periods and the ~15d range, the reliability
for the SAP samples from both pipelines are comparable, but the Oxford reliability
is slightly higher for the SS, despite amplitude suppression from the PCA. There is
a slight trade-off between the two pipelines, and while the CfA performs marginally
better overall, both are viable options.

It is important to understand how this study alters our understanding of both
future and previously published studies regarding rotation periods in M67 from K2
data. Overall, we urge caution when using the periods from [Barnes et al| (2016))
and |Gonzalez| (2016a)) because we cannot reproduce the same results here without
lowering our detection threshold and sacrificing reliability. However, we can use the
injection tests as a basis for the re-evaluation of M67 periods. With completeness,
we can quantify just how difficult it is to find even the best-case, long-period rotation
signals in M67 data, or how many detections we may miss, while reliability gives us
confidence in our measurement. To maintain some flexibility while still trusting the
result, we decide on a reliability threshold of 80% for a given measured period and
amplitude range.

We conducted this study specifically in the context of K2 C05 M67 light curves,
but the caution we have urged based on our conclusions can reasonably be extended
to rotation studies with other K2 campaigns and the upcoming, first data release
from TESS. We have shown that long-term, systematic trends still exist in K2 data
which could skew low-amplitude period detections of about 25 d and longer, and these
trends are likely to be present in other campaigns, especially in the crowded fields of

clusters. Finally, while TESS will survey nearly the entire sky, the most coverage will
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be along the Ecliptic poles as opposed to the Ecliptic itself, where observations will
only last about 27d (Ricker et al., 2014). While this will complement K2 data, the
short observation time and large pixel sizes (15 um x 15 ym; [Ricker et al.|2014) likely
mean that the data will suffer from problems similar to those that we have seen in
this study.

While we have gained in this chapter important insights into K2 data, we have to
remember that the sinusoidal injections present the best-case scenario. The rotational
modulation in most stars does not usually take the form of a simple sinusoid. There-
fore, in Chapter 5, we discuss applying some of the other approaches to detecting
rotation periods beyond the Lomb-Scargle periodogoram, particularly the ACF and
GP, which we described in Chapter 3. We also set out on smaller rounds of injection
tests using more realistic signals, such as those generated from the star spot models
of |Aigrain et al. (2015b). Following this, we finally present our own rotation periods
for M67 from C05 and the newly-released C16 data. In Chapter 6, we then apply
— to the extent that we can — our periods to existing angular momentum evolution

theory for main-sequence stars.



Table 4.1: Comparison with periods from |Barnes et al.| (2016)

EPIC Barnes Per (d) Amp (%) Comp (%) Rel (%) Ox Per (d) CfA Per (d)
211388204 31.8 0.32 21 £1.8 96 £3.9 - -
211394185 30.4 0.78 55 £1.8 98 +£2.3 15.4 15.1
211395620 30.7 0.47 32 £1.8 95 £3.1 - -
211397319 25.1 0.31 29 £1.8 98 +£3.2 - -
211397512 34.5 0.73 34 +£1.8 68 +4.1 16.4 -
211398025 28.8 0.29 21 £1.8 96 +£3.9 - -
211398541 30.3 0.51 32 £1.8 95 £3.1 - -
211399458 30.2 0.66 32 £1.8 95 £3.1 - -
211399819 28.4 0.31 21 £1.8 96 +3.9 - -
211400500 26.9 0.30 29 +£1.8 98 +3.2 - -
211406596 26.9 0.36 29 £1.8 98 £3.2 - -
211410757 18.9 0.14 11 +£1.8 99 £5.8 - -
211411477 31.2 0.20 21 £1.8 95 £11.9 - -
211411621 30.5 0.30 21 £1.8 96 +3.9 15.8 16.1
211413212 24.4 0.22 29 +£1.8 97 +£8.0 - -
211413961 31.4 0.26 21 +£1.8 96 +3.9 - -
211414799 18.1 0.17 11 +£1.8 99 £5.8 - 9.0
211423010 24.9 0.29 29 £1.8 98 +£3.2 - 22.2
211428580 26.9 0.33 29 £1.8 98 +£3.2 - -
211430274 31.1 0.40 32 £1.8 96 +3.9 - -

The columns from left to right are EPIC, the associated period reported from Barnes et al.| (2016), our estimate of the peak-
to-peak amplitude for the light curve, the estimated completeness and reliability statistics based off the Barnes period and
amplitude, and the Oxford and CfA periods where we have detections using C' = 4.
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Table 4.2: Comparison with detected periods from |Gonzalez| (2016a)

EPIC Gonzalez Per (d)  Amp (%) Comp (%) Rel (%) Ox Per (d) CfA Per (d)
211387834 15.2 1.36 74 £1.8 98 +£2.0 14.9 14.9
211390071 25.3 1.42 63 +1.8 99 +£2.2 13.5 -
211393422 28.6 1.53 55 £1.8 98 +£2.3 14.5 -
211397501 12.4,12.4 1.19 81 £1.8 98 +£1.9 12.2 12.5
211397955 29.0, 29.2 1.36 o5 £1.8 98 £2.3 14.7 14.5
211400662 13.5 2.04 91 £1.8 99 +£1.8 13.7 13.1
211403852 27.3 1.23 63 +1.8 99 +£2.2 13.9 13.3
211404310 26.3 1.17 63 £1.8 99 £2.2 - 13.0
211405671 25.6, 28.2 2.06,2.35 77,76 £1.8 98 £2.0, 99 £1.9 26.3 -
211407277 24.7 2.50 77T £1.8 98 +£2.0 - 25.0
211408116 30.1 0.14 6 £1.8 95 +11.9 13.5 -
211408874 23.9, 24.5 2.12 80 +£1.8 98 +£2.0 - 23.8
211414974 26.8, 29.9 1.91, 1.92 63 £1.8 97 £2.1, 98 +£2.3 27.0 -
211424980 15.6, 31.2 1.26, 1.49 74 £1.8 98 £2.0, 98 £2.3 15.6 15.6
211427666 28.8 1.20 o5 £1.8 98 +£2.3 14.1 -
211429354 25.9 0.19 8 £1.8 97 £8.0 - 26.3
211430648 32.6 0.67 16 £1.8 68 +4.1 - 17.2
211433352 13.7, 13.8 1.21 74 £1.8 98 +2.0 13.9 13.5

The columns from left to right are the EPICs from |Gonzalez| (2016a) where either of our two pipelines have detections, the
associated periods reported from that paper, our estimate of the peak-to-peak amplitude for each light curve, the estimated
completeness and reliability statistics based off the Gonzalez period and amplitude, and the Oxford and CfA periods where we
have detections using C' = 4. Where there is more than one reported value, the first number comes from the PDCSAP sample
from Gonzalez|(2016a), while the second number is from the K2SC sample.
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Chapter 5

Finding M67 Rotation Periods
with K2 Data

Brewster Rockit by Tim Rickard

HERE COMES THE METEOR, WINKY! HIT
IT WITH THAT STICK!

£ | WELL WERE GOING TO NEED A
< NEW STIC
|

:'
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5.1 Introduction

The sinusoidal injection tests from Chapter 4 demonstrated just how difficult it is
to find solar-like rotation signals from one campaign of K2 data. In the best-case
scenario where the stellar signal does not evolve and is roughly sinusoidal in shape, we
can only detect, at a maximum, approximately 15% of the total number of stars with
periods around 25d and amplitudes of 0.1%. Nevertheless, we can utilize the lessons

learned from the previous chapter to try to glean a list of rotation periods from M67,
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both from C05 and the recent addition of C16 (released after we conducted the tests
from Chapter 4). We have to be careful, however, because real, evolving signals will
be much harder to accurately detect. This chapter is dedicated to the formulation of
a procedure from which we can derive real K2 M67 rotation periods. In Section [5.2]
we perform a smaller round of injection tests with more realistic signals to compare
the individual performance of the normalized Lomb-Scargle used in Chapter 4 with
the implementations of the ACF and the GP discussed in Chapter 3. We then create
an algorithm in Section that combines all three rotation detection methods to
produce periods from a single campaign of data; we apply this algorithm to C05 in
Section Section describes the modification of this approach with the addition
C16, an overview of which is given in Section 5.6l Finally, we delineate how we check
for contamination in Section before presenting our ‘final’ list of M67 periods in
Section These are the periods which we will take forward in our analysis of the

angular momentum evolution of solar-age stars in Chapter 6.

5.2 Comparing the Lomb-Scargle, ACF, and GP

We employed a normalized version of the Lomb-Scargle in Chapter 4 to set a detection
threshold and optimize the recovery of sinusoidal signals injected into K2 C05 light
curves. This was satisfactory for the purposes of those tests; by using un-evolving
signals with known form, we revealed the best-case limits in rotation period detection
from one campaign of K2 data. While the normalized Lomb-Scargle, combined with
a detection threshold, performs fairly well in this respect, it is worthwhile to explore
both this technique and other rotation detection methods on more realistic signals.
We undertook a much smaller round of injection tests using a subset of the noise-
free signals generated by the star spot model (SSM) from |Aigrain et al. (2015b).

These signals first model star spot emergence and distribution through parameters
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for activity level (scaled to the Sun), activity cycle duration, and the minimum and
maximum latitudes of spot formation (Aigrain et al., 2015b)). The photometric sig-
nal, simulating 1000 d of observation, is then created by the flux modulation scheme
of |Aigrain et al. (2012)), taking into account inclination, equatorial rotation period,
rotational shear from differential rotation, and spot decay timescales (Aigrain et al.,
2015b). Thus, they are much more realistic than the simple sinusoids from Chapter
4. We used SSM injections to compare the normalized Lomb-Scargle, ACF, and GP

individually to uncover the strengths and weaknesses of each technique.

5.2.1 SSM Injection Test Set-up

The goal of this round of SSM tests is to compare rotation detection methods; we are
not trying to find the absolute sensitivity limits like before. It would have been im-
practical at this stage to conduct these tests on the same scale as the sinusoidal ones
because each SSM light curve is defined by many parameters, leading to a prohibitive
amount of simulations. Therefore, we only use six stars from the Oxford SAP dataset
as the basis for the injections: EPICs 211405988, 211425084, 211426069, 211428172,
211435338, and 211436917. These light curves have relatively low amplitudes (~0.1-
0.5%), and they are either ‘flat’” — meaning they do not exhibit strong variability,
either from astrophysical or artificial sources — or they contain some bumps and wig-
gles which are more obviously systematic features but with not such large amplitudes
that the injected signal would be completely overwhelmed.

Because we are most interested in solar-like signals, we restricted this round of
SSM tests to periods of 20d, 25d, and 30d and amplitudes of 0.1%, 0.2%, and 0.3%.
The SSM light curves produced by |Aigrain et al.| (2015b)) have fixed periods, however,
and are not parameterized by amplitude but activity level. For each selected SSM
signal, we first scaled the associated time array so that the period matched the one

we wished to inject. To avoid distorting the original signal too much, we only looked
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at those SSM light curves which had periods within +5d of the one we wanted to
test. While this limited the number of usable SSM light curves, each 1,000d signal
is allowed to evolve quickly enough that one randomly selected ~75d segment (to
roughly match the K2 light curves; we interpolate the segment to the sampling of K2
data) could look completely different from another randomly selected segment. Thus,
we can use the same simulated light curve multiple times. We also had to scale the
amplitudes by first estimating the ‘raw’ amplitude of each segment. Again, we binned
the signal flux based on the period and took the median of the difference between the
95" and 5" percentiles of each bin. We then scaled the flux to the desired amplitude.

We also enforced criteria for spot evolution timescales and modeled differential
rotation. With respect to the latter, we avoided those signals with differential rotation
because the presence of multiple periods could skew the results of the tests, preventing
us from properly comparing the normalized Lomb-Scargle (hereafter, simply referred
to as ‘the Lomb-Scargle’), ACF, and GP. In addition, we kept only those signals with
spot decay factors of 7 > 3, which means that the spots evolve on timescales longer
than three times the simulated period. This is not fully realistic, since the maximum
observed sunspot lifetime is about a month, with the median falling on the order of
days, and the Sun has a rotation period of about 25d (Bradshaw & Hartigan, [2014)).
While not ideal, this is better than no evolution at all, and again, the purpose of
these tests is to compare rotation period measurements, not find sensitivity limits.
We injected each of the raw test EPICs 20 times for each test period and amplitude
for a total of 1080 injections. An example of a light curve injected with a SSM signal
is given in Figure [5.5] in Section [5.3] We detrended the test light curves with the
Oxford pipeline because we do not have nominal access to the CfA pipeline, and the

tests would not have gotten done in time.
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5.2.2 Results and Discussion

We now present and discuss the results of this round of SSM injection tests. We did
not utilize the MCMC at this stage. Figures[5.1] and show the completeness and
reliability for all three methods. In these figures, we have not enforced the detection
threshold from Chapter 4 for the Lomb-Scargle; this decision will be discussed in
more detail below. Figure provides the completeness. Figure merely illus-
trates reliability, though the actual values and their uncertainties can be found in
Tables through in Appendix A. Here, the definition of completeness has
slightly changed. Since we do not have a detection threshold, completeness states
how often we get the correct period in a given injected period and amplitude bin;
thus, it is now intrinsically linked with reliability.

With respect to completeness, both the Lomb-Scargle and the GP follow the same
basic trend of decreasing sensitivity with increasing injected period and decreasing
injected amplitude. The uncertainties on the completeness measurement for each bin
(£9.1%) most likely account for where an individual bin does not follow the exact
trend for these two methods, such as the Lomb-Scargle 25d (11%) versus 30d (17%)
bin at an amplitude of 0.10%. While the overall Lomb-Scargle completeness is slightly
higher than that of the GP across most period-amplitude bins, the GP has higher
completeness for the solar case (25d period, 0.1% amplitude) than the SSM Lomb-
Scargle and either the Oxford (2 £2.5%) or CfA (18 £2.5%) SAP samples from the
sinusoidal injection tests. The discrepancy between the SSM GP and the sinusoidal
Oxford and SAP solar completeness probably arises from the limited number of basis
light curves used for the SSM injections and the consequent lack of diversity relative
to the sinusoidal samples. In addition, it should be noted that none of the methods
in the SSM tests requires the phase match that was needed for a detected sinusoidal
signal to be counted as valid. However, the difference in completeness between the

GP and the SSM Lomb-Scargle highlights the potential of the GP for real signals.
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Figure 5.1: Completeness results for the Lomb-Scargle (left), ACF (middle), and GP
(right) SSM injection tests without detection criteria. The uncertainties in all bins
are £9.1%.

Unlike the Lomb-Scargle and GP, the ACF produces very unexpected trends in
completeness, at least at a first glance. While for a given injected period, the com-
pleteness decreases with decreasing amplitude, as expected, the ACF appears to have
similar or even greater completeness across all amplitudes at injected periods of 30d
compared to the 20d periods. An obvious drop in sensitivity also occurs at all three
25d bins relative to the other two injected periods. The reason becomes apparent
when looking at reliability in Figure 5.2} the ACF has the lowest average reliability
and greatest number of measurements for periods > 27.5d. As seen in Table[A.T6] the
ACF picks up 499 signals with periods longer than 32.5d and amplitudes greater than
0.25%. The Lomb-Scargle, without detection criteria, has the next highest amount
with only 71 measurements. Essentially, without a corresponding normalization step
like the Lomb-Scargle or any sort of phase-matching criteria, the ACF is ‘getting
lucky’ and really measuring long-term, systematic trends that happen to roughly
match the period of the injected signal, making its completeness at longer periods
appear to be greater than it actually is. Apart from the 30d injected period bins,
however, the ACF completeness is comparable to that of the GP except for injected

periods of 25d below 0.3% amplitude, where the GP performs better.
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Figure 5.2: Reliability results for the Lomb-Scargle (top), ACF (middle), and GP
(bottom) SSM injection tests without detection criteria. The red dots indicated
measured period and amplitude bins where there were fewer than 10 detections.

Transitioning to reliability, we have already mentioned the untrustworthiness of
the ACF at long periods. On the other hand, the GP and Lomb-Scargle are less
reliable than the ACF for shorter periods. The GP and Lomb-Scargle, respectively,
find 503 and 476 measurements with periods <15d and amplitudes >0.25%, while
the ACF only finds 76. For the Lomb-Scargle, this is likely due to harmonic measure-
ments, and it is reasonable to believe that this may translate to the GP, since we also
initialize the GP with the Lomb-Scargle result. However, the reliability of the three
methods is roughly comparable, bin for bin, though the ACF has the highest average
reliability for measured periods in the range of 22.5 — 27.5d.

We now revisit the decision of excluding the Lomb-Scargle detection threshold.
The effects of applying the detection threshold are shown in Figure [5.3] which pro-

vides the completeness for the Lomb-Scargle both with and without the threshold.
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Figure 5.3: Comparison of completeness for the Lomb-Scargle without detection cri-
teria (left) and with detection criteria (right).

Tables [A.14] and [A.15] in Appendix A provide the reliability for both cases, respec-

tively. While reliability unsurprisingly increases almost across the board with the
detection threshold, the completeness plummets. It is worth noting that while the
uncertainty on the measured completeness is the same in each case at 9.1%, the
uncertainties in the reliability values are very large due to the limited sample size.
Therefore, it seems appropriate, in the case of realistic signals, to potentially sacrifice
possible gains in reliability for a better chance at finding the signals in the first place.
After all, the detection threshold is not optimal for non-sinusoidal signals, particularly
in the presence of non-white noise. Throughout the period search, however, we can
still keep track of whether or not a threshold applied to the Lomb-Scargle would have
counted a specific measurement as a detection, without automatically discounting
that measurement if the threshold is not met.

Yet, completely ignoring the detection threshold for the Lomb-Scargle is contra-
dictory to the study conducted in Chapter 4. We judged the results from
and |Gonzalez (2016a) on whether or not their measurements would have

passed our detection threshold, and in many cases, we found that they would not.
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The primary purpose of that study, though, was to demonstrate just how difficult it
is to find rotation periods in a single campaign of K2 data, and, in doing so, empha-
size the need for caution and care when selecting a set of rotation periods for M67
from that data. Because the GP and the ACF sometimes perform better than even
the Lomb-Scargle without any detection threshold, it makes sense to formulate an
algorithm which takes into account all three methods in such a way that we can find

periods with the appropriate amount of discretion.

5.3 Combining the Rotation Detection Methods

Using the results of the SSM tests, we developed an algorithm for finding rotation
periods from one campaign of K2 data. We first perform an initial period search with
the Lomb-Scargle, ACF, and GP before filtering out more probable measurements to
go through the MCMC and acquire uncertainties. Once we determine the initial
measurements from all three methods, we filtered them with the following matching
criteria, under the premise that a period is more likely to be accurate if different

methods ‘agree.” For a given period measurement:

1. If the ACF period is <30d:

(a) the Lomb-Scargle and GP must both be within £20% of the ACF, or

(b) the Lomb-Scargle must be within +10% of half the ACF, and the GP must
be within £20% of the ACF.

2. If the ACF period is > 30d and there is a detection in the Lomb-Scargle:

(a) the GP must be within +20% of the Lomb-Scargle result, or

(b) the GP must be within £10% of half the Lomb-Scargle.

For the first set of criteria, we use the ACF as the basis for comparison due to its

relatively high reliability in the 22.5 — 27.5d period range combined with reasonable
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completeness at 20 d periods. To avoid sensitivity dropping too low around the solar
case, we do not enforce the Lomb-Scargle detection threshold in this case, but it still
must match the ACF. In general, the Lomb-Scargle and GP must be within 20%
of the ACF, but the Lomb-Scargle is particularly prone to harmonic measurements.
Therefore, we accept those periods which are harmonics of the ACF, but put a small
penalty on them by restricting the harmonic measurements to within only 10% of
half the ACF. We do not include a harmonic measurement of the ACF with respect
to the GP in this case because we are assuming that if the Lomb-Scargle produces
a harmonic value of the ACF, the ACF is more likely to be correct, and the GP’s
flexibility in modeling will settle on the ‘true’ value.

We have shown, however, that the ACF is not very reliable beyond periods of
about 30d because it tends to pick up on long-term systematic features. In this
case, we do not utilize the ACF result at all in selecting which measurements are
run through the MCMC. Instead, we compare only the GP and the Lomb-Scargle.
Because we have taken the ACF out of the matching process, we do enforce the
Lomb-Scargle detection threshold. This increases the likelihood that a long-term
period measurement from the Lomb-Scargle is legitimate. Again, the GP must be
within 20% of the Lomb-Scargle. This time, we do accept those rare cases where the
GP is half the Lomb-Scargle, still imposing the 10% penalty.

Once we have matched all the rotation periods, we run the measurements through
the MCMC to obtain uncertainties. The MCMC often adjusts the GP period, some-
times by only a day or two and other times by a significant percentage, because the
period found by the GP may be in a local minimum — and not the global — with
respect to the likelihood. In practice, when applying our matching algorithm to real
data, we accept those final periods that are within 20% of the original GP period.
This means our approach is very conservative; it relies heavily on both the GP and

final MCMC result both having a ‘reasonable’ value for the period, i.e. one that
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matches the other two methods. The GP does not function here as an independent
recovery method. We put a lot of emphasis on the ACF and Lomb-Scargle, but they
are only useful if we obtain uncertainties from a GP output that roughly matches.
Using the matching criteria on the SSM injection tests from above results in 186
periods out of 1080 to be fed into the MCMC.

A comparison of the ‘matched’ periods both pre- and post-MCMC can be seen
in Figure 5.4, This figure plots the injected versus detected periods from both the
GP (in blue) and the MCMC (in green). The shaded gray area represents the +20%
‘valid’ region. We draw three main conclusions from this figure. First, in general,
the reliability of our algorithm appears to be fairly high; most of the measurements
fall within the valid region. Second, where the points are less reliable, they tend
to cluster around 10 — 12d for injected periods of 20d and are scattered between
about 10d and 22.5d for injected periods of 30d. These features are most likely due
to the characteristics of the basis light curves into which the signals were injected.
Most of the erroneous short-period measurements come from low-amplitude (0.1%)
injections into EPIC 211436917, where there is a noticeable break in the data, possibly
exacerbated by the PCA. This is illustrated in Figure 5.5, where the Oxford-corrected,
non-injected light curve is shown in blue, the injected SSM signal is in green, and the
detrended, injected light curve is in orange. The break in the data, further distorted
by the injected signal, fools the GP into thinking the period is shorter than it actually
is. Finally, the MCMC does not appear to change the GP value too often (evidenced
by the green points drowning out the blue near the one-to-one line), and if it does, the
shift is minor. The cluster of green points between 10d and 15d at injected periods of
20d is the exception. These measurements are probably caused by artificial features

in the data, such as the break previously mentioned in EPIC 211436917.
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Figure 5.4: Injected versus detected SSM ‘matched’ periods from the GP pre-MCMC
(blue) and post-MCMC (green). We do not show uncertainties in this plot because
of the substantial overlap of datapoints.
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Figure 5.5: Example SSM injection for EPIC 211436917. The K2SC and PCA-
corrected version of the non-injected light curve is given in blue. The injected 30d,
0.1% amplitude signal is shown in green, and the fully-corrected injected light curve
is in orange. This figure illustrates the break in the data — likely exacerbated by the
PCA — which can lead to anomalous period measurements.
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5.3.1 Evaluation of Combining Methods

There are clearly many issues with this combination method. As previously men-
tioned, this approach is very conservative. We removed the Lomb-Scargle detection
requirement if the ACF period is less than 30d to help preserve completeness, but
generally requiring three of the methods (or their harmonics) to match is still very
strict. Out of 1080 injections with known signals, we only recover about 17% across
periods ranging from 20 — 30d and amplitudes of 0.1 — 0.3%. This is discouraging,
but the systematic difficulties combined with the intrinsically low-amplitude, evolv-
ing signals in the real light curves necessitate a strict approach when working with a
single campaign of K2 data, especially in light of M67’s importance.

Another problem stems from the fact that the GP is completely dependent on
the ACF and Lomb-Scargle, and we judge its final validity in relation to the other
two methods. This seems circular, but for now we are using the GP to confirm the
ACF and Lomb-Scargle periods and get uncertainties. Ideally, we want to separate
the GP from the ACF and Lomb-Scargle so that it can independently arrive at the
best-fit period. A possible solution is the creation of a ‘GP periodogram,” by which
we initialize the GP with a grid of periods spanning a given range. Each period is
then ‘frozen,” i.e. we fix the period at its input value and optimize the rest of the
parameters to produce a likelihood for that period. The likelihood is the ‘power,” and
the period with the greatest likelihood can then be run through the MCMC to get
uncertainties. This approach requires the use of celerite over other GP tools, such
as george, due to the computational expense of testing a suitable range of periods.

We did attempt a GP periodogram on a set of SSM injections, but using the
likelihood as the power proved to be unwise. The GP is so flexible that, even with fixed
periods, it will find comparable likelihoods from optimizing the other parameters.
This can be seen in Figure [5.6, where we computed the GP periodograms, shown in

the bottom panel, for the two simulated light curves in the top panel. The example
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light curves include one with a clear, 20d SSM signal in blue and another with a
less obvious, systematic-ridden, 30d signal in orange. In both cases, the likelihood
appears to plateau, with little variation at all test periods. The drop-off in likelihood
at short periods in both periodograms indicates that the GP is conducting fewer
independent tests in this region of parameter space. Therefore, in the future, we
would like to test different ways of computing GP periodograms that do not rely on
the likelihood as the power statistic.

More work on finding the optimum period detection method from a single set of
K2 campaign data clearly needs to be done. For example, we can probably relax some
of the matching criteria, such as counting a GP measurement that is twice either the
ACF or Lomb-Scargle result, or only requiring two of the three methods to match.
We do not currently do the former because the GP is capped at a 40d period, based
on the 75d observation window, to prevent it exploring periods which we will have no
way of confirming by eye. Thus, this only becomes a problem if the ACF is less than
20d, although we have shown that this method has fewer erroneous measurements
in this regime (see Figure p.2)). In cases where the ACF is greater than 30d and we
are comparing the GP with the Lomb-Scargle, we put our trust in the Lomb-Scargle
result because the detection threshold must have been passed. While it is true that
the Lomb-Scargle, even where there is a detection, may be a harmonic, the GP is
initialized with both the Lomb-Scargle and the ACF, and the greatest likelihood GP
period may have been found using the less reliable, longer ACF result.

Finally, because we put so much emphasis on the (in)validity of the ACF, it would
be prudent to either attempt an analogous normalization step that we use with the
Lomb-Scargle, or implement a detection threshold specific to the ACF. This has
already been explored by McQuillan et al.|(2014)), who based the selection of Kepler
rotation periods off of relative peak heights and effective temperatures. We have not

yet tried this due to time constraints. Using an ACF with a detection threshold,
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Figure 5.6: GP periodogram examples (bottom panel) for two simulated light curves
(top panel): one with a clear 20d injected SSM signal (in blue) and one with a less
obvious 30d injected signal (in orange).
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however, would reduce the need to match with the Lomb-Scargle, since we would

have more confidence in measured periods greater than 30d.

5.4 C05 Rotation Periods

For the most part, we used the combination of methods outlined above to derive
rotation periods for M67 from K2 C05 data. After getting the final list of ‘matched’
periods following the MCMC, we further filtered the measurements based on M67
membership status, possible contamination from other stars (see Section , and
whether or not we believed the final measurement when checking the light curve by
eye. In an ideal world, we would not have to confirm by eye because this is not 100%
reproducible, but the presence of systematic features in the K2 data with power at
periods we expect to find necessitates that we do. With respect to membership status,
we keep those stars designated as single members (SM), binary members (BM), or
binary likely members (BLM) in the Mathieu catalog. The determined periods and
their uncertainties can be found in Table in those rows where there is only a ‘5’
under the campaign column. This table also indicates if the star to which each period
belongs was from the SAP or SS dataset, what type of member it is in M67, and the
output Lomb-Scargle and ACF periods. The associated light curves can be found in
Appendix B.

For the majority of matched periods, we used the initial quality factor values given
in Chapter 3, i.e. Q10 = 7.5 and Q29 = 0, when computing the GP. However, the
GP sometimes missed obvious periods that the Lomb-Scargle and ACF easily found.
We were often able to recover those periods using ()19 = 4 and (29 = 4, though
the exact cause of this is unclear. Putting the harmonic quality factor on par with
the primary may allow the GP to better explore the parameter space; this could be

related to the low likelihoods observed at short periods in the GP periodogram. In
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the future, we will test the effects of initializing the GP iteratively with a range of
values for each of the quality factors, or their ratios.

We compared our periods with those detected by the Lomb-Scargle in Barnes et al.
(2016)) and \Gonzalez| (2016a)) in Chapter 4, as well as our preliminary list from Chapter
3. Most of the Gonzalez periods which we believed did not belong to confirmed
members. We did miss a couple possible periods because our matching algorithm was
too strict, but in most of these cases, the period was not particularly clear, anyway:.
Other times, the star in question appeared to be rotating so rapidly (P <1d), that
either the GP modeled the signal merely as noise and found a long-term, systematic
trend instead, or our algorithm missed it because of the Lomb-Scargle’s period search
limits. Sometimes, the GP output was simply wrong when either the Lomb-Scargle or
ACF was likely correct. In these cases, we tried adjusting the initial quality factors,
as above, or applying a low-pass filter in the cases where the GP may have been
picking up on high-frequency systematics (on the order of ~5d) instead of the longer
astrophysical signal. Finally, there were some light curves which appeared to have
long-term variability, but the true period was too ambiguous when looking at just
one campaign of data. We revisited these particular EPICs where there was overlap

between C05 and C16 data (discussed below).

5.5 Testing the Addition of a New Campaign

Where the C16 (and eventually C18) overlaps with C05, we can be less stringent in
conducting a period search under the assumption that more data will help remove
some of the ambiguity surrounding long periods. This is where the GP really becomes
important; we can run the Lomb-Scargle and ACF separately for each campaign
and then fit the GP simultaneously to both campaigns, initializing it several times

based on the different ACF and Lomb-Scargle results. If the Lomb-Scargle or ACF
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from one campaign matches the corresponding measurement (or its harmonic) from
the additional campaign, we do not initialize the GP separately for that particular
method. Instead, in the case of the Lomb-Scargle, we add the periodograms together
and use the top two peaks to initialize the GP. For the ACF, we interpolate the ACF
of each campaign to the same grid (as there could be subtle differences in the lag
array) before adding them together. Again, we initialize the GP using up to two
of the greatest peaks. If the GP period for any of the initializations is considered
periodic (recall that either @, or @, must be greater than 1/4/2), it is fed through
the MCMC; otherwise, it is disregarded. The output MCMC period with the greatest
likelihood after all realizations of the GP is then selected as the final period.

We tested this new method with another round of SSM injection tests using peri-
ods of 10d, 20d, and 30d and amplitudes of 0.1%, 0.3%, and 0.5% to give a slightly
broader scope for the period search. We created two ‘campaigns’ of data by copying
the raw flux from one of the six basis light curves and creating a new time array
beginning about 2.6 yr after the start of the first campaign (to match the separation
between C05 and C16). We used the same selection criteria for the SSM light curves
as before, but this time we cut two random segments from the same signal to in-
ject separately into each campaign, simulating the evolution of star spots. For each
period-amplitude combination, we injected each of the six test EPICs five times for
a total of 270 injections. An example of EPIC 211405988 injected with a 20d, 0.1%
signal is given in Figure[5.7 The GP predictive model is given in red. These injection
tests suffer from the same shortcomings as the single-campaign SSM tests, i.e. the
small sample size and the limited number of basis light curves, but to a greater extent.

We ran the test light curves through two different versions of the GP. The first
used Q10 = 7.5 and (2 = 0, while the other used @)1 = Q20 = 4. Figure shows
the completeness for each scenario. Within each injected period bin, the completeness

declines with decreasing amplitude, but we do not see completeness fall with increas-
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Figure 5.7: Example of EPIC 211405988 injected with a 20d, 0.1% signal covering
two ‘campaigns’ and modeled with a GP, shown in red.

ing period. Rather, the completeness peaks at 20d, and while it drops again at 30d,
it remains greater at 30d than 10d across most amplitude bins. The uncertainty
on the measured completeness in each bin is ~18.3%, which could partially explain
this result, especially in the second scenario. The peak at 20d in the first scenario,
however, may indicate something about the GP’s performance with an additional
campaign. If the two campaigns have similar systematic features, the GP may be
pick up on those instead of the actual signal, analagous to how the ACF is prone to
anomalous periods longer than 30d. With two campaigns, the systematics may be
reinforced and hold more weight. If this was the sole cause, however, we should see
even higher completeness in the 30 d range. This may help explain why the complete-
ness is higher at 30d than 10d, but the peak at 20d suggests that features specific
to the six basis light curves may be the most significant factor.

To understand what may be going on, Figure [5.9 shows the detected versus in-
jected periods for the GP initialization at Q19 = 7.5 and @29 = 0. From left to
right (and blue to yellow), the plots show measurements for the 0.1%, 0.3%, and
0.5% injected amplitudes, respectively. The gray regions represent the +20% valid

region, while the light gray lines display the double and half-period harmonics. At
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Figure 5.8: Completeness for SSM joined C05 and C16 simulations with GP initial-
izations at Q10 = 7.5, Q20 = 0 (left), and Q10 = 4, Q20 = 4 (right). The uncertainty
in each bin is +18.3%.

0.5%, our method works fairly well; the invalid points tend to be concentrated close
to the harmonic values. The same is generally true of the 0.3% periods, though the
invalid measurements show more scatter. Unsurprisingly, the number of invalid mea-
surements and scatter is greatest at amplitudes of 0.1%. Concentrations between 11d
and 15d in all three plots are likely due to EPIC 211436917, as before. The behavior
at injected periods of 20d is not too different from that of the other two injected
periods. Therefore, if the GP is preferentially picking up on 20d periods, it may be
due to systematics in the basis light curves, as previously suggested. This effect is
clearly not as strong in the second scenario, emphasizing the GP’s sensitivity to the
initial parameters.

At a glance, Figure [5.8] is encouraging because it shows that we can significantly
increase our sensitivity to signals of ~20d and greater with the addition of another
campaign. Our sinusoidal injection tests for a single campaign of data showed that, at
best, we could only achieve 46%, 37%, and 16% completeness at 20d for amplitudes
of 0.5%, 0.3%, and 0.1%, respectively. Another campaign with realistic signals means

we can potentially achieve up to 70%, 56.7%, and 40% for the same amplitudes.
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Figure 5.9: Injected versus detected MCMC periods for the two-campaign SSM in-
jection tests. The blue points have injected amplitudes of 0.1%, the green have
amplitudes of 0.3%, and the yellow have amplitudes of 0.5%. We do not show uncer-
tainties in this plot due to the overlap of datapoints. The valid region is represented
by the gray shaded area, while the light gray lines show the double and half-period
harmonics.

Or, at worst, we may measure similar completeness, though with signals that are
much harder to detect than sinusoids. However, we have discussed that this greater
completeness could actually be the result of common, systematic trends in the light
curves, which would be problematic. Furthermore, Figure highlights the fact that
periods found by this method should be double-checked by eye to ensure the GP is
finding astrophysical variability instead of systematics. Finally, we need to keep in
mind that these SSM tests are very limited in scope and are biased with respect to

the basis light curves.

5.6 C16: A Quick Look

K2 C16 was conducted from 7 December 2017 to 25 February 2018[T] The calibrated,
raw C16 data was made publicly available from MAST on 29 May 2018. Thus, we
did not have a lot of time to spend on processing and correcting the data to use in

this thesis. However, we were able to fully process the C16 superstamp using the

thttps:/ /keplerscience.arc.nasa.gov/k2-fields.html
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Figure 5.10: Principal components for the C16 SAP (left) and superstamp (right)
datasets. The primary trends are in blue, while the secondary trends are in orange.

Oxford pipeline, and we used light curves processed by the CfA pipeline (courtesy
of Andrew Vanderburg) for the SAP dataset, minus PDC-MAP (which needs to be
done through NASA Ames and takes awhile to run). Instead, we used the PCA for
long-term, common-mode corrections on the SAP sample. The PCAs for the C16
SAP and SS datasets can be seen in Figure both used thresholds of 7.5% to
produce two principal components. They are generally similar in shape to the C05
PCs, but they are less smooth, i.e. there are more artificial features in the C16 light
PCs than the CO5 ones, particularly in the first 30d. There is not 100% overlap
between C05 and C16, as M67 was monitored at the edge of the Kepler FOV in C16.
The C16 SAP dataset contains 459 light curves, 404 of which were also observed in
C05. In the superstamp, we extracted 928 light curves with astrometric solutions
that matched the Mathieu catalog. Of these, 735 had matches in CO05.

To calculate the scatter, we used the variation of MAD from Equation [2.3] in
Chapter 2. The scatter for the extracted and fully-detrended light curves of each
C16 dataset is plotted in red in Figure [5.11], with the SAP on the left and the SS on

the right. The C16 SAP scatter is plotted over the final scatter from the C05 CfA
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Figure 5.11: MAD scatter for the C16 SAP (left, red) and superstamp (right, red)
datasets. The CO05 scatter from the CfA SAP and Oxford SS are given in black in
the left and right plots, respectively.

SAP dataset, in black, as a comparison, while the SS scatter is plotted over the final
C05 Oxford SS scatter. We cannot make an exact comparison between the C05 and
C16 scatter for the SAP, since the common-mode trend removal is different in each
case, but we know that the PCA, in general, is worse than PDC-MAP. The SS data,
however, was extracted and processed in the same way as the C05 Oxford SS, so the
comparison is more direct. The final C16 SAP scatter at K, = 12 is 1135 ppm, while
the final SS scatter is 544 ppm.

Overall, the precision of the C16 light curves is about 2 — 3.5 times worse than
C05. In the case of the SAP dataset, this could be due to the smaller sample size, but
it is also likely that the systematics have gotten worse in C16. The mixture of the CfA
pipeline with the less optimal PCA could play a role, but the increase in SS scatter is
more indicative of systematics. Andrew Vanderburg removed a 5 d segment from the
SAP light curves towards the end of the campaign due to the spacecraft drifting for an
unusually long amount of time (i.e. beyond the 6 hr thruster firings), which the CfA
pipeline is not designed to model. The PCs from C16 also indicate the presence of
troublesome trends in the first 30 d of observation which may not be perfectly removed

in each individual light curve. As an example, Figure displays the C05 (left
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Figure 5.12: Light curves for EPIC 211402511 from CO05 (left) and C16 (right).

panel) and C16 (right panel) light curves for SAP EPIC 211402511. It is clear that
the systematics have changed since C05, evidenced by the large, non-astrophysical
dip early in the C16 light curve. The C16 light curve is also slightly noisier overall
than its C05 counterpart, and the outliers have not been as well-corrected.

Despite the decreased precision of the C16 light curves, two campaigns of data
are still better than one, and we can use the techniques described above to add to
the list of rotation periods gleaned from CO05 alone. Since we found in Chapter 4
that the CfA pipeline is overall slightly better than the Oxford pipeline, it may be
worthwhile to redo the period search when the final CfA SAP and SS light curves,
both sets of which will have been corrected for long-term trends with PDC-MAP,
become available. For now, though, our C16 light curves are good enough to try to
get a list of M67 rotation periods which we can analyze in the context of angular

momentum evolution.
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Figure 5.13: Examples of target stars without contamination (top row), likely con-
tamination (middle row), and definite contamination (bottom row). The left column
shows the K2 images, while the right column gives the corresponding DSS images.
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5.7 Checking for Contamination

We have so far neglected how we handle the risk of contamination. The crowded
field combined with the large pixel size of the Kepler CCDs necessitates checking if
light from surrounding stars could be spilling into the selected aperture for a given
target. We do this by simply looking at the K2 image of a specific star plotted along-
side a corresponding, high resolution image from the ESO Online Digital Sky Survey
(DSS). In the case of the superstamp, we can directly over plot the apertures we used
to extract the light curves. In Figure[5.13] we show examples of where there is no con-
tamination (top row), likely contamination (middle row), and definite contamination
(bottom row), using SS stars. The left-hand column provides the K2 image, while
the right-hand side displays the corresponding DSS image. Automatically-selected
apertures are plotted in red, while the yellow arrows indicate the orientation of the
K2 images with respect to the DSS images. We check these plots for all targets in
which we have measured periods, and we can either remove those periods where there

is probable contamination, or, in the case of the SS, try a smaller aperture.

5.8 ‘Final’ M67 Rotation Periods

We generally followed the procedures outlined above to find periods where C05 and
C16 overlapped and for those EPICs unique to C16. After a last check for contamina-
tion, we plotted the M67 CMD with the stars for which we found periods highlighted
in red. We identified and removed from the sample three red giants, three subgiants,
and a few other stars clearly off the main sequence. The final CMD is given in Fig-
ure[5.14] A few of our stars (EPICs 211408078, 211411461, and 211420549) are on the
turn-off, but instead of removing these, we make note of them for future reference. In
blue are stars classified as SM in the Mathieu catalog, but which fall along or close to

the binary sequence in the CMD; we have labeled these as ‘possible binary members,’
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Figure 5.14: M67 CMD where the stars for which we have found rotation periods are
highlighted in red, with ‘PBM’ stars in blue. All stars not on the main sequence have
been removed from our period sample.

or ‘PBM,’ as there is a decent chance that these may actually be undetected binaries.

The final periods are in Table[5.1], and their associated light curves are in Appendix
B. The addition of C16 data allowed us to recover 17 more periods for M67, 15 of
which were based on the combination of both C05 and C16 light curves (shown as
‘5,16’ in the campaign column of Table . However, notice that five of these cases
have been highlighted with an asterisk. For two of these EPICs (211420549 and
211425493), we believed the result from the C05 data alone as opposed to the one
resulting from a combination of the two campaigns, even though the C05 results
do not strictly follow our matching algorithm (both have ACF periods just over
30d). This is because either the C16 light curves for these particular stars are too
noisy, or they do not show strong variability like their C05 counterparts. This is
not altogether unexpected, as the stars could be at low points in their respective

activity cycles during C16. The other highlighted stars are 211423010, 211411799,
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Table 5.1: M67 Periods from K2 Campaigns 5 and 16

EPIC Campaign Type B—-V Per(d) LS5 (d) LSis(d) ACF;5(d) ACF6 (d)
211402432 5,16 SS, SM 0.83 295717 526 9.7 31.2 30.2
211402905 5,16 SS, SM 0.66 236715 227 4.9 23.5 20.9
211404554 5 SS, BLM  1.060 155717 128 = 12.9 -
211405776 5 SS, BM 0.70 7477} 7.1 - 7.0 -
211407470 5,16 SS, SM 0.76  25.071%  12.80 8.53 24.6 25.8
211408078 5 SS, BM 0.57 45779 4.3 - 4.1 -
211408909 5,16 SS, SM 0.83 258715 294 8.5 25.8 24.5
211409139 5 SS, BM 0.89  6.4710 6.1 - 6.5 -
211409515 5,16 SS, BM 0.78 305715  27.0 2.5 28.9 36.7
211410014 5,16 SS, BM 0.57 220712 55 3.4 21.4 14.9
211410278 5 SS, BM 0.67 43711 4.5 - 4.7 -
211410402 5 SS, BM 0.56  6.3719 6.2 - 6.2 =
211410700 16 SS, SM 0.74 269711 - 27.7 - 27.6
211411461 5 SS, BM 0.55 81111 3.4 - 7.5 -
211411698 16 SS, BM 059  6.17}0 - 5.9 - 6.1
211411716 5 SS, BM 0.79 8.0 7.9 - 7.8 -
211413688 5 SS, SM 1.08  20.8%11 131 = 27.7 =
211414799 5,16* SAP,BM 058 19.8712 9.0 - 8.6 -
211415154 5 SS, BM 0.62 26710 2.6 = 2.4 =
211415239 5,16 SS, SM 0.84 285715 270 3.4 54.1 23.6
211416940 5 SS, SM 0.81 253715 143 - 26.1 -
211417843 5 SS, SM 1.03  26.8T1% 285 - 28.8 -
211419114 5,16 SS,PBM  0.63 268711 132 9.8 27.2 31.0
211419629 5,16 SS, PBM  1.15 275710  13.7 13.9 27.3 27.1
211420549 5,16* SS, BM 0.55 314715 333 15.6 32.9 56.5
211423010 5,16* SAP,SM  0.77 25.3%;5 222 = 43.1 =
211424811 5,16 SS, SM 0.83 339711 164 16.1 16.6 31.3
211425493 5,16* SS, SM 092 312715 154 2.3 32.3 47.14
211425620 5 SS,BLM  0.78  2.771% 2.7 - 2.3 -
211431607 5,16 SAP, PBM  1.13 342711 141 45.4 13.1 44.9

The columns from left to right are EPIC identification number; the campaign(s) from which we
got the period; the light curve type, with respect to both the dataset from which it was extracted
and its membership status from the Mathieu catalog; the B — V' colour from the Mathieu catalog;
the final period post-MCMC with uncertainties, in days; the Lomb-Scargle outputs in days for each
campaign, where available; and the ACF result for each campaign, also in days. Periods highlighted
in blue are where the Lomb-Scargle measurements passed the detection threshold and matched our
final result (or are rough harmonics).
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Figure 5.15: M67 CPD of the stars for which we have found rotation periods. Stars
from the superstamp are shown as squares, while circles represent stars from the SAP.
Black points are SM stars, red points are BM stars, yellow points are BLM stars, and
blue points are ‘PBM’ stars. The shading on the data points illustrates our subjective
confidence in the rotation period, i.e. darker points indicate more confidence, and
lighter points less.

and 211431607. The CO05 periods from these stars were verified by eye when looking
at the C16 light curves, but when the light curves from the two campaigns were
processed simultaneously, the GP output the incorrect period. Therefore, we took
the C05 period for the former two and the C16 period for the latter, even if they did
not pass our matching criteria.

Our final CPD for M67 is illustrated in Figure [5.15] Here, stars from the su-
perstamp are represented as squares, and those from the SAP dataset are shown as
circles; SM stars are in black, BM stars are in red, BLM stars are in yellow, and

PBM stars are in blue. Darker points are where we have more faith in the measure-
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ment, while lighter points indicate less subjective confidence (a detection from the
Lomb-Scargle often correlates with this; periods with a detection are highlighted in
blue in Table . The B — V values come from the Mathieu catalog, and we use
E(B — V) =0.04, as was done by Barnes et al.| (2016)).

Several features are immediately apparent in Figure [5.15] First, the vast majority
of the measurements come from the superstamp. This makes sense, since the SS light
curves typically have higher precision than those from the SAP. In addition, because
the SS stars make up the densest parts of the cluster, more of them are likely to
be confirmed members. Second, we have a fair amount of binaries, most of which
are rotating relatively rapidly. A few, however, are not, and the synchronization
timescales for all the binaries in our sample will be interesting to determine. Third,
there does appear to be a trend in rotation periods for single member stars, though
there is still more scatter in the plot than we would like to see. We will explore
whether this scatter is real or not in the following chapter.

Furthermore, we acknowledge that our selection criteria may bias our sample
towards short-period systems. A third of our M67 stars have periods of <10d and
a median amplitude of 0.75%, and of the 12 periods in the final sample that have
passed the detection threshold defined in Chapter 4, nine belong to this group. This
is not wholly unexpected, since we found in the sinusoidal injection tests that we have
high completeness at short periods and large amplitudes. We would also expect that
the error bars for the short-period systems would be much smaller than their longer-
period counterparts. From Table [5.1] and Figure [5.15] however, this is not evidently
the case; all periods have error bars roughly on the order of 1 d. We need to more fully
investigate this, as it indicates that there could be a systematic limitation or bias in
how the MCMC explores the parameter space, especially given the input period from
the GP. In the meantime, we are testing nested sampling as a possible alternative to

both the GP periodogram and MCMC, and in a small test set, the error bars seem to
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correlate with the discrepancy between the known, ‘true’ period and the maximum
likelihood value. This work is very premature, though, and outside the scope of this
thesis.

Finally, despite our best efforts, we still have a very small sample of periods. We
have brought considerable attention to the shortcomings and problems of the methods
we have described in this chapter to measure M67 rotation periods from K2 data, and
a lot of work is still to be done. It is highly unlikely that the set of rotation periods
presented here is what future development and testing of stellar evolutionary models
will be built upon. However, they are the ‘final’ rotation periods for this thesis, and
we will use them to attempt to draw what preliminary conclusions we can regarding

the angular momentum evolution of solar-age stars.

5.8.1 A Few Remarks

We would like to emphasize that we ourselves are not fully satisfied with the methods
developed here. They do not adequately incorporate the careful work from Chapter
4, and they are very ad hoc. Furthermore, it is hard to make the claim that our
procedure and these ‘final’ periods are any better than those from |Barnes et al.| (2016)
and |Gonzalez| (2016a)). However, we believe that we have done the best we could given
the tight timeline for thesis completion. In addition, we described our method in much
more detail — including all weaknesses — than either of the published works. And
while we plan to do a large-scale round of SSM tests to revamp our method following
thesis submission and make our periods publishable, the tests we have done, both in
this chapter and the last, have given us a better eye for differentiating between real
and systematic features in the light curves. Finally, given what we have learned, we
do not expect the results to change that much, even if we are able to get a more
refined list of K2 MG67 rotation periods. Thus, we can proceed with a preliminary

analysis of the periods presented here.



Chapter 6

The Role of M67 in Angular

Momentum Evolution Theory

The stars are the jewels of the night, and perchance

surpass anything which day has to show.

Henry David Thoreau

6.1 Introduction

Now that we have obtained a list of M67 rotation periods from K2 C05 and C16,
we can begin to analyze them in the context of angular momentum evolution. While
this will be challenging, given the small sample size and inherent scatter of our data
points, our set of periods may be able to give us some insight into the nature of the
angular momentum of solar-age stars. As we saw from Figure in the preceding
chapter, almost half of our sample comes from binary systems, most of which are ro-
tating rapidly. This gives us the chance to explore in Section tidal synchronization
timescales while also separating out those binary components which may have effec-
tively evolved as single-member stars. We can then use the un-synchronized binaries

in conjunction with the single members to look at how M67 fits with standard gy-
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rochronology models and angular momentum evolution theory. We accomplish this to
the extent that we can in Section [6.3] comparing and commenting on the implications

of the empirical versus theoretical models in light of the observed scatter.

6.2 Binary Tidal Synchronization Timescales

While measuring the rotation periods of cool, solar-age stars is not easy, it is clear
from Figure that our method has little trouble confidently determining the pe-
riods for binary systems in M67, at least for periods below 10d (assuming no binary
photometric effects, e.g. ellipsoidal variations, which we discuss later). Thus, we can
extend our analysis of the angular momentum evolution of solar-age stars to that of
whole binary systems. Here, we apply tidal evolution theory to our binary sample
in an attempt to constrain working models as well as isolate those systems whose
primaries likely evolved separately from their secondaries, in essence making them

additional candidates for testing gyrochronology.

6.2.1 Tidal Evolution Theory

The cornerstone work in tidal evolution theory comes from |[Zahn! (1977), who discusses
various mechanisms responsible for the tidal dissipation of close binary systems, for
stars both with and without convective envelopes, leading to the derivations of syn-
chronization and circularization timescales. Synchronization is achieved when the
rotation period of both stars in a binary equals that of the system’s orbital period,
while circularization refers to the reduction in eccentricity over time as tides affect the
system’s total orbital energy. All of the stars in our sample are later than F5, meaning
they should all have convective envelopes (albeit with varying sizes). Therefore, we
will only focus on the formulisms for these types of stars.

The two most prominent tides at work in stellar systems are the equilibrium
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tide and dynamical tide, but we are primarily concerned here with the former, as it
has the most dominant role in stars with convective envelopes (Zahn, 1977). The
equilibrium tide describes the internal response of one star to the gravitational effects
of its companion (Zahn| [1989). Tidal torques arise from the offset between the force
of gravity of one body and the bulge it produces on its companion (and vice versa).
The offset, in turn, results from the rotation of both bodies combined with the time
required, and mechanisms responsible for, stellar material to form into a bulge as
gravity acts upon it (Zahn, 1989)). If the rotation period of one star is shorter than
the orbital period of the system, the gravity acting on the misaligned bulge will act
as a brake, lengthening the star’s rotation period. In doing so, angular momentum
is transferred from the slowing star to the whole system, adding rotational energy to
the orbit and increasing its size. On the other hand, if a body is rotating slower than
the orbital period, the equilibrium tide will speed up its rotation, decreasing the size
of the orbit as rotational energy is transferred into that body.

Over time, the tidal interactions between the stars in a close binary system will
cause the two components to synchronize. |Zahn| (1977) cites turbulent friction arising
from convection as the primary mechanism in the dissipation of tidal energy for cool
stars. Taking into account the effects of angular momentum transfer, perturbations
from gravitational potential energy, and tidal dissipation from turbulent friction, Zahn
(1977) derives the following equation for the tidal synchronization timescale, ¢4y, in

years, for stars with convective envelopes:

bayne = 6qu<2 (MfQ)éMIR? (%)6 (6.1)

where ¢ is the mass ratio of the secondary to the primary; M, R, L, and I are the
mass, radius, luminosity, and moment of inertia of the primary, respectively; a is the
semi-major axis; and ks is the constant for apsidal motion of the system computed

to the second order. However, |Zahn| (1977) then simplifies this equation to:
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6 1 2
tsync ~ q72 <2> ~ 104(ﬂ) p* (62>

where P is the orbital period in days. Zahn| (1977)) makes these simplifications under
the acknowledgement that the various coefficients in Equation are not exact and
the assumption that even with the reduced complexity, Equation falls within
the error bars of Equation [6.1 Based on Equation [6.2] if a/R < 40, binaries with
members similar in age and composition to the Sun should be synchronized (Zahn)
1977). Therefore, we should expect binaries in M67 falling within a scaled separation
of 40 to be synchronized, as well.

Discrepancies between observations and theory, however, soon became apparent,
and further attempts were made to refine the latter (Zahn, [1989). [Zahn| (1989)), for
example, tried to modify theory with a better treatment of how turbulent friction is
affected by the convective mixing length, while others simply made adjustments that
fit observations. Falling into the latter category, Albrecht et al.| (2012) invoked tidal
evolution theory to help explain the alignment between the orbits of hot Jupiters
(exoplanets roughly the size of Jupiter orbiting close to their parent star) and their
host star equators. In doing so, they developed equations for tidal synchronization
timescales based on [Zahn| (1977)), but with modifications made in light of empirical
evidence as opposed to theory. For stars with convective envelopes, |Albrecht et al.

(2012) present the following equation for the synchronization timescales:

1 1 q2<a/R)—6 (6.3)

tagne 10 x 109yt 40
Here, ¢ is the ratio of the mass of primary, M, to the secondary, M,, and R is the
radius of the secondary. The switch between the primary and secondary is doable

because the two companions both exert tidal forces on each other, and the change in

the definition of R is consistent with that of g. The scaling of a/R by 40 hearkens
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back to the separation scaling from Equation [6.2] while dividing by 10 Gyr reflects the
main-sequence lifetime of a solar-like star, or the total time in which tidal dissipation
in the form of turbulent friction is the most relevant (i.e. before a star evolves off
the main sequence and its internal structure changes dramatically) (Albrecht et al.
2012)). We use Equation , primarily grounded in theory but scaled empirically, to

calculate the synchronization timescales for the binaries in M67.

6.2.2 Observations and Analysis

Dave Latham of the Harvard Center for Astrophysics provided us with the orbital
solutions for our sample of M67 binaries, derived from spectroscopic and radial ve-
locity data obtained through long-term monitoring of M67 members as described by
Geller et al. (2015)). To calculate the synchronization timescales, we only focused on
those binaries labeled as confirmed binary members from that work. Of these, EPIC
211408078 is actually a part of a triple star system. To keep the analysis simple,
we did not include EPIC 211408078 in the study at this stage, though we hope to
return to it at some point in the future. We also excluded EPIC 211409139, because
we did not have a complete orbital solution for this binary (i.e. mass, separation,
eccentricity, orbital period, etc.). This left 11 M67 binaries for us to analyze.

EPICs 211411461 and 211415154 are double-lined spectroscopic binaries, with the
masses of the primary and secondary in each system dependent only upon the incli-
nation of the respective systems. The majority of the M67 binaries in our sample,
however, are single-lined. They have minimum constraints on the mass of the sec-
ondary in each system but no information regarding the primary. We assumed that
both stars in this category contributed to the observed V' magnitudes from |Geller
et al. (2015), with negligible bolometric correction. We converted these to absolute
magnitudes and luminosities, applying the distance modulus from [Sarajedini et al.

(2009), which corresponds to approximately 880 pc. We then used the solar isochrone
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Table 6.1: Tidal Synchronization Timescales for M67 Binaries

EPIC Prot (d)  Porp (d)  tizgoe (Gyr) tizgse (Gyr) tizase (Gyr)
211405776 7.4 6.3 7.5e-5 1.1e-4 3.3e-4
211409515 30.5 53.0 3.1 44 10.7
211410014 22.0 959.5 147018 223110 536411
211410278 4.3 358.5 70.5 160.6 707.4
211410402 6.3 6.0 6.9e-5 1.0e-4 2.4e-4
211411461 8.1 7.2 2.2e-2 - -
211411698 6.1 5.8 5.6e-4 8.1le-4 2.6e-3
211411716 8.0 139.8 155.0 225.3 596.0
211414799 19.8 9.1 9.3e-5 1.6e-4 3.6e-4
211415154 2.6 2.7 6.9e-4 1.34e-4 -
211420549 314 583.4 6022 9478 22987

The columns from left to right indicate the EPIC number; stellar rotation period (presumably of
the primary), in days; orbital period, in days; and the synchronization timescales assuming ¢ = 90°,
1 =165° and i = 45°, all in Gyr.

with Z = 0.0162 from the Yale-Potsdam Solar Isochrones (or YaPSI, Spada et al.
2017)), as was done for an analysis of another M67 binary by [Sandquist et al.| (2018)),
to obtain total mass estimates for each system. For all the binaries, including the
double-lined ones, we then solved for the masses of the primary and secondary using
inclination angles of ¢ = 90°, ¢ = 65°, and ¢ = 45°. We again utilized the isochrones
to get estimates for the radii of the secondaries at each inclination before computing
the corresponding separation, a. The uncertainties in mass and separation from the
orbital solutions are typically on the order of a couple percent.

We obtained the synchronization timescales for each binary in our sample. The
orbital periods, determined rotation periods, and computed timescales are presented
in Table 6.1} while Figure graphically illustrates these results. In Figure [6.1], each
circle represents a binary system, the timescale for synchronization expressed through
the circle’s color. Cooler, bluer points should fall on or near the dotted one-to-one
line that indicates synchronization of the rotation period with the orbital period.
In the top row, the sizes of the circles symbolize the ratio between the mass of the

primary and the secondary, while in the bottom row, the sizes are representative of the
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ratio between the separation and the radius of the secondary. In the top and bottom
panels of the first column (i = 90°), we provide reference sizes for ¢ = 1 and a/ R = 40,
respectively, with an unfilled circle drawn in the top left-hand corner of each plot.
The circles in the first column of Figure [6.1] are also transparent to reveal underlying
binary systems along the one-to-one line that are otherwise obscured by overlapping
data points. We did not include timescales for EPICs 211411461 and 211415154
at © = 45° and EPIC 211411461 at ¢ = 65° because the masses became too large
to extract reasonable values for the radii from our choice of isochrone. Regardless,
EPIC 211415154 should almost definitely be synchronized, and its rotation period is
indicative of this. EPIC 211411461 is also likely to have synchronized within the first

billion years, and the orbital period is within the error bars of the rotation period.

6.2.3 Discussion

According to Table[6.1] all binaries should be synchronized by the age of M67 except
for EPICs 211410014, 211410278, 211411716, and 211420549. Figure reinforces
these results; almost all of the binaries that should be synchronized fall along the
one-to-one line. Depending on the inclination angle, EPIC 211409515 (represented as
the green circle just under the one-to-one line) should either already be synchronized,
or it will achieve synchronization near the end of its main sequence life. Indeed, the
difference between the rotation and orbital periods suggests that the inclination angle
is lower than ~ 60°, producing a synchronization timescale greater than the age of the
system. The exception to the rule is EPIC 211414799, for which we have a measured
period of about 19d. This system should have synchronized well within the first
million years after formation, regardless of the inclination angle used. Therefore, the
period we have measured is likely a harmonic, and the true period is probably closer
to 9d. Once again, this highlights the ambiguity in rotation period often present in

light curves.
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Figure 6.1: Synchronization timescales plotted with rotation versus orbital period for our sample of M67 binaries at inclinations
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6L1

SO[ROSOWIL ], UOIYRZIUOIYOUAG [epL], AIRUIg 79



Chapter 6. M67 and Angular Momentum Evolution 180

Our results appear to support the prescription for tidal synchronization provided
by |Albrecht et al. (2012). The ratio between the separation and the radius of the
secondary in each of the synchronized binaries is under 40, as was predicted by Zahn
(1977). While we could be seeing ellipsoidal variation as opposed to star spot modula-
tion for these binaries, the evolution apparent in the light curves in Appendix B points
to the latter (although ellipsoidal variation is still likely present to some degree in
the synchronized systems). For EPIC 211409515, we find a/R ~ 61, again suggesting
that this system should not be synchronized, although it explains this binary’s prox-
imity to the one-to-one line in Figure [6.1| compared to the un-synchronized binaries.
All of the other binaries have values of a/R > 100. The separation between the two
stars in a binary is by far the biggest contributing factor in the tidal synchronization
timescale, since it is raised to the sixth power. It is unsurprising, then, that the points
larger than our reference circle in the bottom row of Figure [6.1] — especially relative
to their counterparts in the top row — have synchronization timescales much greater
than the age of M67. Even if we assume that the primary star in the single-lined
binaries is the sole contributor to the observed B — V', the timescales overall become
shorter, but the conclusions do not change. The only binary that would synchronize
under this assumption is EPIC 211409515, with a timescale of about 1.1 — 1.3 Gyr,
depending on the inclination. However, given the data and the agreement between
our synchronization timescale and the separation for EPIC 211409515, our treatment
of the single-lined binaries seems reasonable.

The synchronization timescales for EPICs 211410014, 211410278, 211411716, and
211420549 are so long, and the separations are so large, that the components of these
four binary system likely evolved independently. Therefore, we can potentially use
the binaries in these systems in our analysis of how M67 fits into gyrochronology
and angular momentum evolution theory. The most promising of these are EPICs

211410014 and 211420549, although we have to keep in mind that the latter is right
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along the main-sequence turnoff. EPICs 211410278 and 211411716 are a little more
puzzling, however; these systems have large separations and are not particularly hot
(their total B — V values are 0.67 and 0.79, respectively), so we would expect to
see periods similar to that of the Sun. Nonetheless, we have found rotation periods
of less than 10d for both binaries. There could potentially be some contamination
from background stars, particularly with respect to EPIC 211411716, or the B — V'
values may have been misattributed as a result of the crowded field. Another possible
explanation could be that these stars are actually a part of a hierarchal triple system,
and we have not yet resolved the third member.

The next step in our analysis of tidal theory with M67 binaries is to look at
circularization timescales for stars with convective envelopes. It would be interesting
to see if those binaries in our sample that are synchronized have achieved circular
orbits. We also need to perform a more in-depth comparison of our results using
Equation from |Albrecht et al. (2012) with timescale prescriptions based more
on theory than empirical evidence, as well as other observations. In doing so, we
can help constrain theory and possibly gain better understanding of the mechanisms

responsible for tidal dissipation.

6.3 Testing Gyrochronology and Angular Momen-
tum Evolution Theory

We can now take a look at the extent to which M67 falls in line with standard
gyrochronology models and existing angular momentum theory. Recall that the
‘standard’ gyrochronology models typically contain mass and age dependencies fit
to observational data primarily obtained from young open clusters. Until M67 was
observed by K2, the oldest cluster to have been used to calibrate gyrochronology had

an age of 2.5 Gyr. Gyrochronology holds up well for these younger clusters, but its
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validity becomes more ambiguous for older main-sequence stars. Angular momentum
evolution theory, on the other hand, attempts to invoke understanding of the physical
processes at work both on the surface and within the interiors of stars to predict ob-
served rotation periods. The theory put forward by [van Saders et al.| (2016) explains
well observations for older stars, particularly those evolving off the main sequence and
onto the subgiant branch, but M67 gives us the opportunity to potentially test it at
solar age. Here, we compare our sample of rotation periods first with gyrochronology
models and then those developed by theory. While we may be able to glean some
insight from these comparisons, we must keep in mind the limited scope of our set of

rotation periods and the apparent scatter within.

6.3.1 Comparison with Standard Gyrochronology Models

We now plot the rotation periods of our single member stars and the four binaries
identified as having evolved independently against several standard gyrochronology
models. From here on out, we treat the ‘possible binary members’ identified in Chap-
ter 5 as single member stars, since we do not know for certain whether or not they
are undetected binaries (in which case we do not have orbital solutions, anyway).
The models include those of Barnes| (2007) (B2007), Mamajek & Hillenbrand, (2008)
(MH2008), [Meibom et al.| (2009) (M2009), Barnes| (2010) (B2010), and |Angus et al.
(2015) (A2015). The parameters for each of these models, except that of B2010, are
given in Table in Chapter 1; the formula for B2010 is given in Equation in
that chapter. For each of these models, we assumed an age of 4.3 Gyr.

Figure shows our rotation periods plotted with the gyrochrones from B2007,
MH2008, M2009, B2010, and A2015. The rotation periods of the single members
are given in black, except for where we have identified them as coming from possible
binary members, in which case they are shown in blue. For the known binaries,

shown in red, we assume that the B — V from |Geller et al. (2015) is that of the
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Figure 6.2: Comparison of standard gyrochronology models with rotation periods for
MG67 stars that likely evolved independently. Red points represent binary members,
black points are single members, and blue points are ‘possible binary members’ clas-
sified as single members. Darker points express more subjective confidence in our
measurements. The Sun is illustrated as a black star.

primary, since these stars are widely-separated, single-lined binaries. Those periods
for which we have more confidence in the measurement are emboldened. We do not
show uncertainties in the period measurements on this plot for the sake of clarity, but
they are generally +1d. As a point of reference, the Sun is shown as a black star,
although we do need to keep in mind that the Sun is likely to be a couple hundred
million years older than the members of M67.

It is immediately apparent from Figure that the standard gyrochronology
models, in general, do not describe the data very well. While the Sun appears to fall
right along B2007, both this gyrochrone and M2009 fail to account for the bulk of data
points beyond (B — V')o ~ 0.75. The MH2008 gyrochrone also reproduces the Sun,

and while it begins to curve towards the rotation periods of later stars, it still greatly
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Figure 6.3: Gyro ages from B2010 (green) and A2015 (purple) for our sample of single
member stars, along with EPIC 211410014. The horizontal dashed lines represent ages
for M67 from the literature.

overestimates them (which, alternatively, means that the model would underestimate
the cluster’s age based on our sample). Of the standard gyrochronology models, B2010
and A2015 are the best. Regarding the former, this may be the result of attempting
to incorporate convective turnover timescales, adding more physics to an otherwise
empirical formulism. However, the convective turnover timescales themselves are
uncertain, which may explain why the gyrochrone appears to erroneously predict
longer periods than what we see. With respect to A2015, the Bayesian approach to
calibrating the parameters for the mass and age dependencies may have made this
particular model more accurate than other models that use the same basic structure,
most notably those of B2007 and M2009.

We used the prescriptions of B2010 and A2015 to determine what ages we would

back out for M67 from the individual periods in our sample. In Figure [6.3] we have
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plotted the ‘gyro ages’ computed from A2015 (in purple) and B2010 (in green) for
each of the periods in Figure [6.2l The uncertainties are propagated from the errors
in the rotation period measurements. The dashed horizontal lines indicate M67 age
estimates: 3.5 Gyr, 4.0 Gyr (Sarajedini et al.|2009), 4.2 Gyr (Balaguer-Nunez et al.
2007)), 4.3 Gyr (Carraro et al.|[1994; |[Barnes et al.[|2016), 4.8 Gyr (Carraro et al.[|1994),
and 5.4 Gyr (Gonzalez|2016a)). There appears to be a general trend of decreasing age
with increasing B — V. The standard models, then, tend to underestimate rotation
periods for M67 at the bluer end of our sample and overestimate them at the red end.
Despite this, the average gyro ages for B2010 and A2015 are ~4.3 Gyr with standard
deviations on the order of about 1.0 — 1.4 Gyr. An age of 4.3 Gyr is consistent with the
literature, although we excluded the extreme outlier periods from EPICs 211410278,
211411716, and 211420549 for this estimate. If we include them, the gyro ages become
4.9 Gyr and 4.4 Gyr for B2010 and A2015, respectively, but with standard deviations
of 4.8 Gyr and 2.7 Gyr. While the average gyro ages from both models are fairly
reasonable, the scatter in our sample means that, for any individual star, an age
determination based on rotation period alone from either B2010 or A2015 would be

very uncertain.

6.3.2 Application of Angular Momentum Evolution Theory

We will now compare our rotation periods to models derived from angular momentum
evolution theory. We begin with the models developed by [Van Saders & Pinsonneault
(2013)), which take into account angular momentum transport and loss in addition
to changes in stellar structure. These models are grounded in physics, incorporating
convective mixing length, nuclear reaction rates, opacity, atmospheric conditions, and
the changing moment of inertia. Assuming the efficient transfer of angular momentum
through rigid-body rotation, Van Saders & Pinsonneault| (2013) use the prescriptions

of Matt et al.| (2012) to describe the angular momentum loss in stars over time. The
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Figure 6.4: Comparison of theoretical angular momentum evolution models from
Van Saders & Pinsonneault) (2013)) and jvan Saders et al. (2016|) with our periods
from M67. Red points represent binary members, black points are single members,
and blue points are ‘possible binary members.” Darker points express more subjective
confidence in our measurements. The Sun is illustrated as a black star.

models of [Van Saders & Pinsonneault| (2013) were used as the basis for van Saders
et al. (2016), the difference between the two works being the incorporation of a critical
Rossby number above which the magnetic braking of the rotational velocity of stars
weakens, particularly for hotter stars. Therefore, for this section, we will refer to
the Van Saders & Pinsonneault| (2013) models as the ‘standard’ angular momentum
evolution (SAME) models and those of van Saders et al.| (2016)) as ‘Rogt.’
Figure[6.4] plots SAME and Ro,.;; models for ages of 3.7 Gyr, 4.0 Gyr, and 4.3 Gyr
with the periods from our M67 single member stars and independently-evolved bi-
naries. Again, the Sun is displayed as a black star. At a glance, both the SAME
and Ro..; models appear to do a better job of describing the data than the stan-

dard gyrochronology models, particularly for cooler stars. We will discuss in-depth
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the relative performances and implications of both the gyrochronology and angular
momentum evolution models below. It should be noted now, however, that there is
some uncertainty involved in the conversion of B —V to effective temperature, which
we based off the work of |Pecaut & Mamajek| (2013). We unfortunately do not have
enough data points beyond temperatures greater than 6000 K to properly test the
weakened magnetic breaking theory from van Saders et al. (2016). This could be
due to an unmet detection threshold in the Rossby number similar to that of Ro..;,
as suggested by van Saders et al.| (2018), who predict that rotation periods will be
unmeasurable by 1.5 Gyr for stars hotter than 6500 K or for solar-like stars by about
4.2 Gyr. Because we do have several measurements around solar temperatures, our
lack of data points is probably due to the difficulty in working with K2 data. We do
note that neither the SAME models, nor those from gyrochronology, fit the binaries
very well: two are rotating too fast for their temperature, while the remaining are
too slow. We have already discussed possible causes for the former, but with respect
to the latter, particularly EPIC 211420549 (P ~ 30d), we may be seeing the signal
from the secondary. We estimate the B — V for this star to range from 1.44 — 1.47,
with an average T¢ss of ~3750 K. This would fit the 4.3 Gyr SAME model very well,

but the period would be too short for any of the gyrochronology models.

6.3.3 Discussion

While the angular momentum evolution theory models in Figure 6.4 appear to fit the
data better than the gyrochronology models in Figure [6.2], we can conduct a crude
determination of the x? statistic to make a more quantitative comparison. To do this,
we only include those rotation periods from single member stars and the binary EPIC
211410014. Again, we assumed the B —V value of EPIC 211410014 is associated with
the primary. The gyrochronology model from A2015 produced the minimum x? with

a value of 7.6. The next best models were the 4.3 Gyr SAME model at x? = 8.1,
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followed by B2010 at 10.4. If we remove the binary, we achieve x? values of 6.3, 6.8,
and 6.0 for A2015, B2010, and the 4.3 Gyr SAME model, respectively. None of these
values for y? are particularly convincing, but, at the very least, they support an age
of the cluster close to 4.0 Gyr.

Notwithstanding, the discrepancy between the y? values of the different models is
almost meaningless due to the scatter inherent in our data points. We may achieve
a better ‘fit’ with the SAME models computed at an age older than 4.3 Gyr, for
example, but we could do the same by decreasing the age in the gyrochronology mod-
els. Without knowing whether or not the observed scatter is real, we simply cannot
make any conclusive statements regarding the true age of M67 based on our sample
of rotation periods. We can speculate on the nature of the scatter, however. Look-
ing at Figures and we can see that of the 19 M67 rotation periods plotted,
we have designated only five as ‘confident’ measurements. One of these belongs to
EPIC 211410287, a binary with an unexpectedly short period given its mass and syn-
chronization timescale. We have already suggested how this anomalous measurement
could be the result of a misattributed B — V' value. It is possible that this may be
the case for some of the less confident data points, as well, explaining in part some of
the scatter. Of the remaining four ‘confident’” measurements, three do generally fall
along the angular momentum evolution models, both at ages of 4.0 Gyr and 4.3 Gyr,
suggesting that less scatter is observed in higher quality measurements. Therefore, it
is more likely that the scatter is due to the difficulties in extracting rotation periods
from K2 light curves as opposed to the true rotation period distribution.

If we look at the ‘confident” measurements and exclude the binaries, the 4.3 Gyr
SAME model slightly outperforms A2015 and B2010. If we count the period of EPIC
211420549 as that coming from the secondary, the 4.3 Gyr SAME model does even
better. Because the SAME model is based on physical principles, we are more likely

to use it to explain the data than either of the gyrochronology models. Despite
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this, it is worth reiterating that we cannot, at this stage, make any definitive claims
regarding the validity of either the SAME models or A2015 and B2010. Furthermore,
our ‘final’ set of rotation periods did not afford us the chance to test the weakened
magnetic braking law of van Saders et al. (2016). We cannot properly test either
gyrochronology or angular momentum evolution theory from K2 C05 and C16 data.
The addition of C18, which will almost completely overlap with C05, may help us
detect more rotation periods, removing some of the ambiguity in the observed scatter
and allowing us to gain a better understanding of how the angular momentum of
solar-age stars changes over time. This campaign is only limited to an observation
window of about 50d, though, so we may have to look to other upcoming missions,
such as those from the Large Synoptic Space Telescope (LSST), to achieve the high
photometric precision required to accomplish the difficult task of measuring rotation

periods within M67. We will discuss this in more detail in the next chapter.

6.4 Conclusions and Future Work

The goal of this chapter was to demonstrate, to whatever extent possible, the state of
angular momentum evolution of solar-age stars using the rotation periods of members
from the old open cluster M67. While our sample of rotation periods as a whole is
small, we have a sizable set of binaries with confident period measurements for which
we could compute tidal synchronization timescales, exploring the angular momentum
of stellar systems as opposed to that of single members alone. We found our data to
be in good agreement with the prescription of |Albrecht et al.| (2012)), which is based
both on empirical evidence and theory; those binaries with scaled separations greater
than 40 have not yet synchronized, while the remainder have synchronized well within
the first billion years. In a later work, we can also compute circularization timescales

for M67 binaries, which, in conjunction with synchronization and other observational
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evidence, can ultimately help constrain tidal evolution theory.

The limited sample size and scatter from our set of K2 MG67 rotation periods,
however, means that we cannot conclusively comment on the validity of either gy-
rochronology or angular momentum evolution models. While these models do appear
to support an age for the cluster around 4.0 — 4.3 Gyr, the inherent scatter makes it
difficult to constrain this estimate. In order to gain a better understanding of the an-
gular momentum of solar-age stars, we need a more complete list of rotation periods
which we trust. To obtain this, more work clearly needs to be done on how we can
extract rotation periods from K2 data, and it seems worthwhile to complement K2

data with that of future missions.
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Conclusions and Future Work

It is reasonable to hope that in the not too distant future,

we shall be competent to understand so simple a thing as a star.

Arthur Eddington

At the start of this thesis, we introduced gyrochronology, which seeks to establish
the relationships among stellar age, mass, and rotation period. By calibrating these
relationships with young open clusters, gyrochronology offers the chance to divulge
a star’s age through a directly observable parameter, i.e. the rotational modulation
of its light curve, measurable through high-precision monitoring. By the age of the
Hyades, stars later than about F5 are found to show increasing period with age, gen-
erally following the Skumanich relation of P o< t'/2. The mechanisms responsible are
thought to be torques produced from stellar wind co-rotating with surface magnetic
fields, combined with the mass loss that occurs when stellar matter is subsequently
extended to large radii, carrying away a disproportionate amount of angular momen-
tum. Largely empirical, gyrochronology does a good job of modeling the observed
spin-down of stars up to cluster ages of approximately 2.5 Gyr (Meibom et al.| [2015)).

Predictions from gyrochronology, however, are in disagreement with older aster-
oseismic samples (Angus et al., 2015)), and they cannot explain the observed rapid

rotation of old, main-sequence stars more massive than the Sun (van Saders et al.,

191
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2016). Furthermore, van Saders et al. (2016) have suggested that magnetic fields
weaken in middle-aged stars, decreasing the efficiency of the braking mechanism.
The old open cluster M67, containing stars of comparable age and composition to the
Sun, is an ideal test case for both gyrochronology and angular momentum evolution
theory. Recently observed by the Kepler spacecraft as part of the K2 mission, we now
have access to light curves with potentially high enough precision to attempt such a
study. The goal of this thesis, therefore, was to shed light on the angular momentum
evolution of solar-age stars through K2 observations M67. While Barnes et al.| (2016))
and |Gonzalez (2016a) have previously endeavored to do just that, discrepancies in
their results have prompted a more critical approach. We now present a summary of
our work in pursuit of that goal, as well as the conclusions we have made thus far.

We then outline a plan for future work before providing a few, final remarks.

7.1 Summary and Conclusions

Before we could embark upon an analysis of the K2 MG67 light curves, we had to
extract them from the raw data and then remove any artificial features, or systematics.
This formed the basis of Chapter 2. For each campaign of K2 data, we worked with
two different sets of light curves: those produced using simple aperture photometry in
the Kepler pipeline, and those falling within the data region known as the superstamp,
encompassing the densest portions of the cluster and for which we had to implement
our own extraction technique. We refer to the former as the ‘SAP’ light curves, and the
latter as the ‘SS’ dataset. Both samples undergo pixel-level calibration via the Kepler
pipeline before extraction. The SAP light curves are then created by optimizing the
sum of the pixels falling within a given ‘postage stamp,” or individual target image.
The SS light curves, on the other hand, are extracted following the technique of

Aigrain et al.| (2015a)), modified to include variable background subtraction. After
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performing an astrometric solution and identifying each source using what we have
described as the ‘Mathieu catalog,” we produce six different versions of each light
curve using circular apertures of varying radii.

The K2 mission, while still managing higher precision than ground-based tele-
scopes, suffers from unique systematics due to the loss of two reaction wheels in 2013.
Therefore, following extraction, we had to correct for star-by-star systematics and
common-mode trends to prepare the light curves for rotation period detection. The
first we accomplished with K2SC (Aigrain et al., 2016)), designed to model and remove
the characteristic K2 sawtooth pattern arising from thruster firings every 6 hrs. After
running each star individually through K2SC, we conducted a principle component
analysis (PCA) on each set of light curves to remove long-term, common-mode trends.
In doing so, we achieved median precisions of 544 ppm and 203 ppm at K, = 12 for
the fully-processed Campaign 5 (C05) SAP and SS light curves, respectively.

We have dubbed our combination of extraction and preparation techniques the
‘Oxford’ pipeline. In this thesis, we compared the Oxford pipeline with another im-
plemented by Andrew Vanderburg, formerly of the Harvard Center for Astrophysics,
and Jeff Smith of NASA Ames, referred to here as the ‘CfA’ pipeline. This alternative
pipeline involves light curve extraction and correction following the prescription of
Vanderburg & Johnson| (2014) and Vanderburg et al. (2016). This is followed-up by
the implementation of the Kepler PDC-MAP, courtesy of Jeff Smith, to remove the
common-mode trends. The CfA pipeline produces precisions of 321 ppm and 275 ppm
for the CO5 SAP and SS datasets, respectively. Here, we have our first indication that
the CfA pipeline, using the more sophisticated PDC-MAP, produces slightly higher
quality light curves for the SAP sample. However, it is comparable to the Oxford
pipeline with respect to the SS.

In Chapter 3, we described several rotation detection methods before undertaking

our own preliminary period search with K2 CO05 light curves. We briefly acknowledged
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some techniques utilized by other studies but not incorporated in this thesis, such as
the wavelet power spectrum, phase dispersion minimization, minimum string length,
and general Bayesian period signal detection. While these are all viable options, we
pursued the more traditional Lomb-Scargle periodogram and autocorrelation func-
tion, or ACF. The Lomb-Scargle has the advantage of not requiring evenly-sampled
data, while the ACF does not assume that the data takes a specific form, allowing it
to better account for light curve evolution. We then used the Lomb-Scargle and ACF
to produce an initial set of rotation periods, which we compared with Barnes et al.
(2016). The lack of agreement between our results and those that had been pub-
lished, combined with a conspicuous amount of scatter in the period-colour relation,
prompted us to undertake a more careful, systematic approach to K2 data.

We also provided in Chapter 3 an introduction to Gaussian processes, or GPs.
In practice, we employed celerite (Foreman-Mackey et al., |[2017)), which drastically
reduces the computation time otherwise required for the standard GP. Dan Foreman-
Mackey provided us with a covariance function describing a mixture of simple har-
monic oscillators (SHOs) with five free parameters, including period, P, and quality
factors Q1 and @2, representing an oscillator with period P and its harmonic, P/2,
respectively. The GP is initialized with guesses for P acquired from the Lomb-Scargle
and ACF, and it searches for the set of parameters which maximizes the probability
of being observed in light of the data. In theory, if either quality factor is greater
than 1/ /2, the data exhibits some degree of periodicity, which we enforced to count a
result from the GP as legitimate. We did not, at this stage in the thesis, incorporate
this version of the GP in our determination of the initial C05 rotation periods because
celerite was not yet available.

As previously mentioned, our preliminary rotation period search motivated a more
comprehensive look at the nature of the K2 C05 light curves and our ability to detect

reliable rotation periods from them. We accomplished this in Chapter 4, conducting a
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comprehensive set of sinusoidal injection tests to uncover our best-case limits in period
detection. We injected over 120000 sinusoidal signals with periods ranging from 5
— 35d and amplitudes of 0.05 — 3.0% into real, raw K2 MG67 light curves. After
processing the injected light curves separately using the Oxford and CfA pipelines,
we attempted to recover the signals using a normalized version of the Lomb-Scargle
periodogram, which served two purposes. The first was to identify and remove from
each test sample those stars whose non-injected light curves likely had astrophysical
variability which could contaminate the results. The second was to suppress power at
long periods, discovered in a set of C05 hot stars, arising from lingering systematics
in the data. We could also define a detection threshold based on the normalized
power of each test light curve that balanced completeness, or detection sensitivity,
with reliability, or a quantification of how much trust we put in a given measurement
which passed the detection threshold.

We drew several important conclusions from the sinusoidal injection tests. The
first is that the CfA pipeline appears to perform slightly better than the Oxford
pipeline, notably with respect to the SAP, but both are viable options in producing
usable light curves. Next, and most importantly, we found that detecting solar-like
signals from one campaign of K2 data is intrinsically difficult. At best, we were
only able to recover approximately 15% of injected signals with periods of 25d and
amplitudes of 0.1%. However, reliability was generally very high, often greater than
90% for any given measured period and amplitude bin. Using the detection method
we presented in Chapter 4, we suggest a minimum reliability of 80% to retain a
detection, but we have to keep in mind that this is based on un-evolving, sinusoidal
signals with known form; real data will be even more challenging and may require
more flexibility. We also compared our results with those of |Barnes et al.| (2016))
and (Gonzalez (2016a). Very few of the measurements in these studies passed as

detections using our threshold, but when they did, our periods either agreed with
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theirs or were rough harmonics, a common effect of the Lomb-Scargle. Rather than
invalidating the results present in these papers, our study highlights the need for
caution in applying them to gyrochronology or angular momentum evolution theory,
especially since they did not make allowances for the lingering, long-term systematics.
Finally, the sinusoidal injection tests illustrated that care must be taken in other K2
rotation studies, particularly involving clusters, and those that will soon be underway
as a part of TESS.

Chapter 4 demonstrated the difficulty in detecting solar-like signals in K2 data,
but we were still left with the task of doing just that. In Chapter 5, therefore, we at-
tempted to develop our own rotation detection procedure which incorporated lessons
learned from the sinusoidal injection tests but also utilized other techniques which
could complement the normalized Lomb-Scargle, namely the ACF and the GP imple-
mented through celerite. We first focused on optimizing rotation detection from
a single campaign of K2 data. Utilizing smaller injection tests with realistic signals
based on the star spot models of |Aigrain et al.| (2015b)), we developed an algorithm
which required the results of all three methods to agree with each other, or ‘match’ to
a certain extent, in order to accept a measurement. For each light curve that passed
our matching criteria, we then used a Markov Chain Monte Carlo (MCMC) sampler
to explore the parameter space of the GP model and derive period uncertainties.
We put a lot of faith in the ACF, and the GP functioned more as a confirmation of
the Lomb-Scargle and ACF than as an independent method. With the addition of
another campaign, however, we could relax the matching requirements and process
both versions of a light curve simultaneously through the GP; we demonstrated this
with another round of SSM injections, simulating both C05 and C16 data. Due to
time constraints, our approach ended up being both very ad hoc and conservative.
We will fully address the improvements that need to be made in the following section,

but we do not expect the results to substantially change.
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While not fully satisfactory, we were able to recover 30 rotation periods for M67
from K2 data using the algorithms developed from the SSM injections. Of these, 17
were found due to the addition of C16, released at the end of May 2018. Andrew
Vanderburg provided us with C16 SAP light curves prepared with the CfA pipeline.
These did not yet have time to be corrected with PDC-MAP, however, so we instead
applied the PCA. We processed the SS light curves with the full Oxford pipeline.
With median precisions of 1135 ppm and 544 ppm at K, = 12 for the C16 SAP and
SS light curves, respectively, it is apparent that the systematics have worsened from
C05 to C16. Despite this, the additional campaign doubled the number of rotation
periods we were able to measure in M67, most of which come from the superstamp.

Plotting our ‘final’ set of M67 rotation periods versus their B—V from |Geller et al.
(2015)), a couple features become obvious. The first is that we have a fair amount
of binaries in our sample with short rotation periods. We can use these binaries
to test tidal evolution theory, specifically in the form of synchronization timescales,
to explore the angular momentum of stellar systems as opposed to just single stars.
Furthermore, these timescales can separate out those binaries whose components
most likely evolved independently of each other, making them suitable test cases for
gyrochronology. Second, despite our best efforts, there is still a large amount of scatter
in our data, which is also relatively sparse. As a result, any conclusions regarding the
angular momentum evolution of solar-like stars will be loosely constrained.

We conducted our analysis of the K2 MG67 rotation periods in Chapter 6, starting
with the calculation of binary synchronization timescales through the prescription of
Albrecht et al. (2012)) for stars with convective envelopes. Using orbital solutions
provided by Dave Latham of the Harvard Center for Astrophysics, we found that
our sample of binaries supports the theory developed by Zahn| (1977), upon which
Albrecht et al| (2012) is based. |Albrecht et al.| (2012)) have adjusted the derivation

from |[Zahn (1977), however, to fit observations, most notably the lack of synchro-
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nization from binaries with scaled separations of 40. By comparing our results with
other observations and computing circularization timescales, we may be able to help
constrain tidal theory so that it better matches empirical evidence; this will be dis-
cussed in more detail in the next section. We also found from our synchronization
analysis that four of our binaries likely evolved independently, and we carried these
forward with the single member stars in our examination of how our sample fits in
with standard gyrochronology models and angular momentum evolution theory.

We plotted our sample of M67 rotation periods with standard gyrochronology
models from Barnes (2007), Mamajek & Hillenbrand (2008), Meibom et al.| (2009),
Barnes| (2010)), and |Angus et al. (2015). We did the same with the angular momentum
evolution (AME) models from Van Saders & Pinsonneault| (2013)) and van Saders
et al.| (2016)). The gyrochrones from [Barnes (2010 and |Angus et al| (2015) fit the
data best on the gyrochronology side, and each produced an average age of ~4.3 Gyr
for the cluster from the periods. However, using any individual star to estimate the
cluster’s age from either model is very uncertain. With respect to the AME models,
the 4.3 Gyr model from Van Saders & Pinsonneault| (2013)) best describes the data.
We unfortunately do not have enough data points in the appropriate regime to test
the weakened magnetic braking model of [van Saders et al.| (2016); it is unclear if the
reason for this is due to our conservative approach or real sensitivity limits (see [van
Saders et al.|2018).

Regardless, while we could potentially achieve a better fit with the AME model
by recomputing it at an older age, we could also do the same by generating younger
gyrochrones. This ambiguity is a result of the scatter in the data. Out of the single-
member stars in our sample, the few for which we have more confidence in our final
period fit the models of Van Saders & Pinsonneault| (2013) and van Saders et al.
(2016) better than those from gyrochronology. This suggests that the scatter is a

result of the difficulty with the data as opposed to real variation. Overall, while
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the AME models appear to do a slightly better job at physically representing the
behavior of M67 members, it is encouraging that, together with gyrochronology, we
can back out ages around 4.0 Gyr, consistent with the literature. We cannot, however,
comment much more on the angular momentum evolution of solar-age stars due to

the limitations of our sample.

7.2 Future Work

Because we did not succeed in gaining substantial insight into how MG67 fits into
angular momentum evolution theory, it is clear that more work needs to be done to
fully take advantage of this important cluster. In terms of optimizing our product
light curves, we can extend our comparison of the Oxford and CfA pipelines to those
of [Libralato et al.| (2016) and |Cody et al.| (2018), for example. In addition, the recent
release of C16 meant that we had to use a hybrid version of the SAP light curves as
opposed to the full CfA, which we have demonstrated does a better job of correcting
this type of dataset than the Oxford pipeline. It may be worthwhile, then, redoing
the rotation period search using C16 SAP light curves that have been corrected with
PDC-MAP. The use of the Oxford pipeline for the SS, however, probably does not
make as much of a difference, since it performed similarly to the CfA pipeline in the
sinusoidal injection tests and even had a slightly better precision for the C05 light
curves. Nonetheless, we may still see some gains from the CfA SS light curves when
they become available.

The biggest room for improvement comes from how we determine our rotation
periods from K2 data. We need to refine our approach, making it more streamlined
and less strict while still remaining true to the spirit of our sinusoidal injection tests
in Chapter 4. The first step would be to conduct a larger round of SSM injection tests

than we did in Chapter 5, similar in scale to the sinusoidal ones. In doing so, we can
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gain a better understanding of the advantages and disadvantages of the Lomb-Scargle,
ACF, and GP, and how they work together. Such tests may also shed light on how the
initial guesses for the quality factors affect the GP result. We could accomplish this
by initializing the GP for each period several times, either using a range of quality
factor ratios or randomizing their selection, and then choosing the final output which
maximizes the likelihood. Applying a detection threshold or normalization step for
the ACF, analogous to that of the Lomb-Scargle, may also lead to improvements in
reliable detections without having to enforce any matching criteria among the three
methods, and we can further explore the concept of a GP periodogram. Overall, a
larger set of SSM injections will help us optimize period detection for light curves
with more realistic signals than those from the sinusoidal tests, leading to a more
polished set of rotation periods which meet the standards for publication.

We emphasize, however, that we do not expect the results to substantially change.
Even with the addition of C18, which will add another ~50d of observation, the
systematics inherent in K2 data — with power on timescales similar to that of the
periods we expect to see — will still make establishing a quality set of M67 rotation
periods very challenging. We can, therefore, begin looking towards future missions
which may produce complementary or even better data than that from K2. The
first of these is the Large Synoptic Survey Telescope, or LSST. While ground-based,
LSST is expected to reach photometric magnitudes up to 25 within exposures of 10 —
155, with discontinuous time sampling at both short and long cadences (Tyson, 2002;
LSST Science Collaboration et al., 2017). The LSST Collaboration have proposed a
modified extension of the standard observation strategy to incorporate M67, taking
advantage of short-cadence monitoring to avoid saturation from stars brighter than
about V' = 16 (LSST Science Collaboration et al 2017). In addition, the upcoming,
space-based PLATO (‘PLAnetary Transits and Oscillations of stars’) mission, with

a magnitude range of V =4 to 16 and wide field-of-view, is designed to characterize
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exoplanets and determine stellar ages and masses through asteroseismology (Rauer
et al..[2014)). At the same time, it will produce light curves ideally-suited for variability
studies (Rauer et al., 2014)). While its magnitude range is not optimized for M67,
PLATO may provide valuable complementary data to that of both K2 and LSST.
Finally, despite the problems we have had in determining rotation periods for the
single-member stars in M67, we have had moderate success with the binaries, partic-
ularly those with periods of less than 10d. We have already conducted a preliminary
analysis of how our M67 binaries fit into tidal synchronization theory adjusted for
empirical evidence; the next step is to determine the circularization timescales. We
can then compare our synchronization and circularization timescales with those de-
rived from theory alone, as well as other observations. This may allow us to constrain

tidal evolution theory for binaries whose components contain convective envelopes.

7.3 Final Remarks

My restrictive timeline, combined with the difficulty of working with K2 data to mea-
sure the rotation periods of solar-like stars, has left this thesis with an incomplete air
about it. We have not made any conclusive claims regarding the angular momentum
of stars in M67, which is disappointing, and we have acknowledged that more work
needs to be done. However, we have performed the first extensive study of the limits
of rotation period detection with K2 data, highlighting troublesome systematic fea-
tures that two prominent correction pipelines have been unable to remove. This work
is applicable not only to M67 and CO05, but all other rotation studies utilizing K2
data, and even future observations from TFESS. And while we have seen only a small
glimpse of how M67 fits into angular momentum evolution theory, it is my hope that
the preliminary analysis conducted here will lead to enhanced detection algorithms

which can fully unlock the secrets of this old open cluster.



Appendix A

Result Tables from Injection Tests

Tables through present the Chapter 4 sinusoidal injection test completeness
from the Oxford and CfA hot star, SAP, and SS samples. Tables through
provide the sinusoidal reliability, including the number of detections made in each
measured period and amplitude range, shown in brackets. The last table in this
appendix dealing with the sinusoidal injection tests, Table [A.13], illustrates the min-
imum values of the detection threshold factor C' needed to count the measurements
for the non-injected light curves reported in Barnes et al.| (2016) from the Oxford and
CfA pipelines as detections, along with the associated reliability.

The Chapter 5 SSM reliability results are presented in Tables through [A.17]
These tables include the completeness both with and without detection criteria for
the normalized Lomb-Scargle, used throughout. The SSM tables follow the same
general format as the sinusoidal reliability tables, i.e. the number of detections in
each measured period and amplitude bin are marked by brackets. The exception is
that the measured amplitude is displayed as Gpeqs as opposed to 2ayeqr because the
amplitudes were determined differently in the SSM injection tests than they were in

the sinusoidal tests.
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Table A.1: Oxford Hot Star Completeness (%)

amj \ Pn;  5d 10d 15d 20d 25d 30d 35d
3.00% 98 95 95 94 94 92 88
1.00% 95 94 88 88 8 73 59
0.50% 92 89 80 70 65 52 35
0.30% 8 80 71 50 48 26 23
0.10% 65 47 27 17 17 11 3

0.05% 41 24 17 12 9 3 2

Total number of injections per period-amplitude bin: 66; o = £12.3%

Table A.2: CfA Hot Star Completeness (%)

@inj \ Pnj 5d 10d 15d 20d 25d 30d 35d
3.00% 100 99 94 91 87 83 80
1.00% 97 93 91 84 81 7T 76
0.50% 93 90 8 8 77T 73 60
0.30% 91 8 8 8 69 49 34
0.10% 83 66 56 47 44 34 20
0.05% 66 50 36 16 16 13 6

Total number of injections per period-amplitude bin: 70; o = £12.0%

Table A.3: Oxford SAP Completeness (%)

i \ Py 5d 10d 15d 20d 25d 30d 35d
3.00% 99 97 92 8 & 79 65
1.00% 93 81 75 65 65 56 28
0.50% 82 71 58 43 43 30 8
0.30% 73 59 40 24 21 12 3
0.10% 44 21 5 3 2 1 1
0.05% 21 4 1 1 0 0 0

Table A.4: CfA SAP Completeness (%)

Total number of injections per period-amplitude bin: 1639; ¢ = +2.5%

amj \ Py 5d  10d  15d 20d 25d 30d 35d
3.00% 97 92 89 82 74 712 68
1.00% 91 8 73 66 61 53 39
0.50% 83 69 63 53 47 33 23
0.30% 74 58 52 41 37 30 18
0.10% 54 033 23 18 14 11 7

0.05% 3 19 9 5 3 2 2

Total number of injections per period-amplitude bin: 1587; ¢ = +2.5%
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Table A.5: Oxford SS Completeness (%)

@inj \ Pmj 5d 10d 15d 20d 25d 30d 35d
3.00% 100 98 93 8 8 7T T4

1.00% 91 81 74 65 66 50 46
0.50% 78 66 54 46 46 37 34
0.30% 68 50 41 38 31 21 24
0.10% 39 30 23 15 13 2 2
0.05% 28 14 8 3 2 0 0

Total number of injections per period-amplitude bin: 843; o = +3.4%

Table A.6: CfA SS Completeness (%)

inj \ Pm; 5d  10d 15d 20d 25d 30d 35d
3.00% 93 86 83 74 63 56 5l
1.00% 82 70 61 52 45 36 27
0.50% 69 57 50 40 34 27 23
0.30% 58 47 41 34 31 26 16
0.10% 42 31 21 15 15 11 7

0.05% 29 15 10 5 4 4 2

Total number of injections per period-amplitude bin: 844; o = +3.4%



Table A.7: Oxford Hot Star Reliability (%)

20peak/Ppeak 5+2.5d 10+£2.5d 15+2.5d 20+2.5d 25+2.5d 3042.5d 32.5d+
>2.00% 100 +£12.4 98 +12.5 100 £12.6 98 £12.6 100 £12.7 100 £12.8 100 +13.1
[65] [64] [63] [63] [62] [61] [58]
0.75-2.00% 100 £12.6 100 £12.7 98 £13.0 100 £13.1 98 £13.4 100 +14.1 100 +16.4
[63] [62] [59] [58] [56] [50] [37]
0.45-0.75% 100 +13.0 100 +£13.5 100 £13.9 100 £16.0 100 £16.7 100 £17.1 94 +24.3
[59] [55] [52] [39] [36] [34] [17]
0.25-0.45% 98 £12.9 100 £13.5 100 *£14.4 97 £16.0 100 £16.0 100 £22.9 62 +17.7
[60] [55] [48] [39] [39] [19] [32]
0.075-0.25% 93 £14.7 100 £17.4 100 £23.6 100 +£26.7 100 £30.2 100 £37.8 100 £70.7
[46] 33] 18] [14] [11] [7] 2]
<0.075% 93 £18.6 100 £25.0 100 £30.2 100 +37.8 100 +37.8 100 +70.7 -
[29] [16] [11] [7] [7] 2] [0]
Table A.8: CfA Hot Star Reliability (%)
20peak/Ppeak 5+2.5d 10+2.5d 15+2.5d 2042.5d 254+2.5d 30+2.5d 32.5d+
>2.00% 100 £12.0 100 £12.0 100 £12.3 100 £12.7 100 +£13. 100 +£13.4 100 +13.4
[70] [69] [66] [62] [59] [56] [56]
0.75-2.00% 100 £12.1 98 £12.3 100 £12.5 100 £13.0 100 £13.6 100 +£13.2 100 +13.7
[68] [66] [64] [59] [54] [57] [53]
0.45-0.75% 100 +£12.5 100 £12.7 100 £13.0 100 £13.2 100 £13.9 100 £15.1 100 +17.1
[64] [62] [59] [57] [52] [44] [34]
0.25-0.45% 100 £12.4 100 £12.9 100 £13.0 100 £13.1 100 £14.1 98 £15.6 100 £18.0
[65] [60] [59] [58] [50] [41] [31]
0.075-0.25% 95 +£12.8 100 +£14.3 98 £15.2 100 +17.4 100 +£18.9 100 +£18.9 87 £+25.8
[61] [49] [43] [33] [28] [28] [15]
<0.075% 84 £13.5 97 £16.9 96 +20.4 93 £25.8 100 £27.7 100 £28.9 100 £57.7
[55] [35] [24] [15] [13] [12] 3]
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Table A.9: Oxford SAP Reliability (%)

20peak/Ppeak DE2.5d 1042.5d 1542.5d 20+£2.5d 25+2.5d 30£2.5d 32.5d+
>2.00% 100 £2.5 99 £2.5 99 £2.6 100 £2.7 99 +2.7 99 £2.6 96 +3.2
[1620]  [1598] [1525] [1414] [1405] [1440] [996]
0.75-2.00% 100 £2.6 98 £2.7 99 £2.8 100 £3.0 98 £3.0 99 £3.1 88 +4.7
1523  [1364] [1250] [1076] [1095] [1025] [456]
0.45-0.75% 100 £2.8 98 £3.1 98 £3.5 100 +4.3 98 +4.0 98 +£4.5 46 £6.2
[1267]  [1065] [812] [534] [623] [495] [261]
0.25-0.45% 98 +£2.8 98 £3.1 98 £3.6 100 £4.4 100 £5.1 99 +6.8 33 £74
[1278]  [1074] [768] [519] [391] 214] [184]
0.075-0.25% 95 £3.5 97 £5.1 85 £7.8 99 £10.3 98 £14.4 95 £22.9 20 +£14.3
[832] [386] [165] [95] [48] 9] [49]
<0.075% 83 £5.3 97 £12.4 100 £22.4 100 £25.0 100 +44.7 100 £100.0 100 £100.0
[358] [65] [20] [16] [5] (1] 1]
Table A.10: CfA SAP Reliability (%)
20peak/Ppeak DE2.5d  10+2.5d  15+2.5d  2042.5d 2542.5d 30£2.5d 32.5d+
>2.00% 98 £2.5 95 £2.5 99 £2.6 100 £2.8 97 £2.9 98 £2.9 100 £3.1
[1567)  [1539]  [1426]  [1293] [1194] [1172] [1070]
0.75-2.00% 100 £2.6 98 £2.8 96 £2.8 99 £3.0 99 £3.2 96 £3.3 92 £3.9
[1470]  [1316]  [1245]  [1078] [954] [903] [667]
0.45-0.75% 98 £2.8 97 +3.1 93 £3.1 95 £3.5 96 £3.8 92 £4.2 90 £5.5
1313 [1057]  [1011] 797] [677] [567] 1333]
0.25-0.45% 98 £2.9 93 £3.1 95 £3.3 98 £3.7 96 +4.0 93 £4.0 82 £5.2
1213  [1050]  [896] 721] [640] [618] [365]
0.075-0.25% 96 £3.3 98 +£4.2 91 +4.8 98 £5.5 95 £6.8 94 £+6.5 75 +£7.8
[915] [575] [426] [329] [217] [237] [165]
<0.075% 95 £4.2 95 +59 95486 100 £13.4 88 £15.2 100 +£16.7 93 £26.7
[572] [291] [134] [56] 143] 136] [14]
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Table A.11: Oxford SS Reliability (%)

20peak/Ppeat DE2.5d 10+2.5d 16+2.5d  204+2.5d  25£2.5d  30+2.5d  32.5d+

>2.00% - 100 £100.0 75 £25.0 35 £15.8 100 +27.7 86 £37.8 36 +13.4
[0] [1] [16] [40] [13] 7] [56]

0.75-2.00% 95 +34 100 £3.5 99 £3.5 99 £3.6 100 £3.6 99 £3.9 99 +4.0
886 826 [797) [752) 760 657] [620]

0.45-0.75% 100 3.7 100 £3.9 98 +4.1 96 £4.5 95 +45 99 £6.8 92 £7.2
[739] [652] [584] [497) 501] [215] [191]

0.25-0.45% 92449 100 5.7 99 £6.0 99 £6.6 98 £6.4 99 £6.0 96 +£6.2
[421] 311] [279] [227] [246] [274] 262]

0.075-0.25% 98 +3.3 98 4£3.7 97 +4.1 99 +42 99 £42 99 +4.6 96 +4.8
898 [713] [601] [558] [563] [478] 442

<0.075% 99 £4.2 96 £5.1 96 +6.3 94483 97 +£9.4 84 £20.0 70 +22.4
[557] [388] [253] [145] [114] [25] [20]

Table A.12: CfA SS Reliability (%)

200peak /Ppear DE2.5d  10£2.5d  15+2.5d  20£2.5d  25+2.5d  30+2.5d  32.5d+

>2.00% 97 £35 05 3.6 99 £3.8 100 £4.0 93 4.3 96 4.4 97 £4.9
[810] [768] [703] [620] [545] [513] [411]
0.75-2.00% 94 +3.7 96 £4.0 87 +40 98 +48 94450 91 450 80 +6.4
740 619 (613] [428] 394] 405) [241]
0.45-0.75% 97 +4.2 95 +4.6 91 £4.9 91 £55 82463 88 458 72 +8.8
568] [477) [418] 329 [256] 302] [128]
0.25-0.45% 87 +4.1 92448 89 +49 96457 84460 87 +50 75 +7.4
587 [434] [418] 312] 278 396] [183]
0.075-0.25% 93 +5.0 79 +£53 8246.6 94+7.1 983 485 93480 67 +10.6
400 356 [232] 199 139 [158) [89]
<0.075% 97 £6.4 84 +84 97 £11.9 96 £14.9 91 £20.9 95 +21.8 80 +£25.8

[241] [141] [71] [45] 23] [21] [15]

L0¢




Table A.13: Minimum Detection Threshold Factors for |[Barnes et al.| (2016)

EPIC Barnes Per (d) Ox Per (d) Ox C Ox Rel (%) CfA Per (d) CfA C CfA Rel (%)
211388204 31.8 2.2 1 6 £3.2 2.1 1 26 £8.0
211394185 30.4 154 4 98 £3.6 15.1 4 95 £3.3
211395620 30.7 28.5 2 98 £4.5 3.5 2 38 £3.3
211397319 25.1 7.9 2 96 +£12.0 47.6 1 54 +16.0
211397512 34.5 16.4 4 98 £+3.6 38.4 3 85 £5.7
211398025 28.8 22.2 2 100 £+28.9 104 2 78 £4.5
211398541 30.3 5.3 - - 16.9 2 77 £5.0
211399458 30.2 7.9 2 86 +4.5 4.32 1 17 +£5.2
211399819 28.4 13.9 2 36 +£2.4 2.1 1 17 +£5.2
211400500 26.9 13.5 3 82 +£6.6 2.0 2 38 £3.3
211406596 26.9 31.2 2 85 +6.9 2.4 1 26 £8.0
211410757 18.9 18.8 - - 9.4 3 93 £5.6
211411477 31.2 5.7 1 6 £3.2 5.7 1 26 £8.0
211411621 30.5 15.8 4 85 £7.8 16.1 4 91 +4.8
211413212 24.4 5.3 1 6 £3.2 7.5 1 61 +14.7
211413961 314 2.9 1 6 £3.2 154 3 88 £4.5
211414799 18.1 4.6 3 100 £20.9 9.0 4 98 £4.2
211423010 24.9 20.8 2 92 £7.8 22.2 4 98 £5.5
211428580 26.9 5.1 1 6 £3.2 24 1 26 £8.0
211430274 31.1 23.2 2 89 +11.2 27.0 2 93 +6.8

The columns from left to right are EPIC, the associated period reported from [Barnes et al.|(2016), the period from the Oxford pipeline, the Oxford
threshold factor C' that results in a detection, the corresponding value for reliability, the period from the CfA pipeline, the CfA detection value for
C, and the CfA reliability.

$189, uoroa[ur woay so[qeT, nsoy -y xrpuoddy

80¢
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Table A.14: SSM Lomb-Scargle Reliability without Detections (%)

Gmeas/Ppeak <15d  15-22.56d 22.5-27.5d 27.5-32.5d >32.5d

>0.25% 044 71+72 93 £128 98 £105 8 £11.9
503 [192] [61] [90] [71]

0.15-0.25% 0 +154 87 +£18.3 88 +24.3 78 +33.3 20 +31.6
[42] [30] [17] [9] [10]

0.05-0.15% 0 £30.2 90 £22.4 93 £25.8 100 +33.3 -
[11] [20] [15] 9] [0]

Table A.15: SSM Lomb-Scargle Reliability with Detections (%)

(meas/ Ppeak <15d  15-22.5d 22.5-27.5d 27.5-32.5d >32.5d

>0.25% 0+£27.7 85 £16.0 91 +£20.9 100 £18.6 33 £57.7

[13] [39] [23] [29] 8]
0.15-0.25% 0 +£44.7 95 +£21.3 92 +£28.9 78 £33.3 -

[5] [22] [12] [9] [0]
0.05-0.15% - 94 £23.6 100 £31.6 100 £57.7 -

(0] [18] [10] 3] (0]

Table A.16: SSM ACF Reliability (%)

Omeas/Ppeak  <15d  15225d 225 27.5d 27.5325d >325d

>0.25% 0+11.5 67 £7.6 100 £16.4 86 £8.7 4 +4.5
[76] [172] 37] [133] 499

0.15-0.25% 0 +£37.8 84 +£17.7 94 4250 63 £25.0  8+16.4
(7] 32] [16] [16] [37]

0.05-0.15% - 92 £28.9 100 £30.2 82 +30.2 10 +21.8
[0] [12] [11] [11] [21]

Table A.17: SSM GP Reliability (%)

(meas/ Ppeak <15d  15-22.56d 22.5-27.5d 27.5-32.5d >32.5d

>0.25% 0156 48 £59 83 £14.4 96 £13.9 44 +333
[320] [286] [48] 52] [9]

0.15-0.25% 0 +14.9 88 420.0 89 £22.9 70 £31.6 80 +44.7
[45] [25] [19] [10] [5]

0.05-0.15% 0 £57.7 86 £21.3 90 +22.4 83 £40.8 0 £50.0
8] [22] [20] (6] [4]




Appendix B

MG67 Light Curves

We present in the following two pages the light curves of those M67 stars for which
we have rotation periods. We display them in two groups. The first are those from
stars which did not overlap in the C05 and C16 samples, plotted in blue with the GP
predictive mean shown in red. The second group is comprised of the light curves of
those stars which do overlap in both campaigns. Here, the flux is plotted in black,
but the GP predictive mean is again in red. A vertical, dashed blue line indicates the
break between the C05 and C16, although the two campaigns are in reality separated
by ~2.6 yr. For all light curves, we plot flux versus total observation time rather than

Julian date.
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