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ABSTRACT

Nearby young stars are without equal as stellar and planetary evolution laboratories. The
aim of this work is to use age diagnostic considerations to execute a complete survey for new
nearby young stars and to efficiently reevaluate and constrain their ages. Because of their
proximity and age, young, nearby stars are the most desired targets for any astrophysical
study focusing on the early stages of star and planet formation.

Identifying nearby, young, low-mass stars is challenging because of their inherent faint-
ness and age diagnostic degeneracies. A new method for identifying these objects has been
developed, and a pilot study of its effectiveness is demonstrated by the identification of two
definite new members of the TW Hydrae Association.

Nearby, young, solar-type stars are initially identified in this work by their fractional
X-ray luminosity. The results of a large-scale search for nearby, young, solar-type stars is
presented. Follow-up spectroscopic observations are taken in order to measure various age
diagnostics in order to accurately assess stellar ages. Age, one of the most fundamental
properties of a star, is also one of the most difficult to determine. While a variety of proce-
dures have been developed and utilized to approximate ages for solar-type stars, with varying

degrees of success, a comprehensive age-dating technique has yet to be constructed. Often-



times, different methods exhibit contradictory or conflicting findings. Such inconsistencies
demonstrate the value of a uniform method of determining stellar ages.

With recent advances in the burgeoning field of exoplanet detection, reliable host star ages
will be more important than ever in order to attain a rigorous understanding of planetary
formation and evolution. The contribution of this work to the domain of stellar chronology
for solar-type stars is two-fold: increased precision in relative age-dating by augmenting the
cluster data used as age calibrators, and a novel statistical age-dating approach whereby
all known stellar properties are used in unison to determine a most likely stellar age. By
including additional rich open clusters for which their relative ages in comparison with other
clusters are well constrained, the precision of an estimated age can be improved. In addition,
by employing an innovative statistical approach in concert with the distributions of the newly
added and well-studied clusters, age-dating precision can be further refined. The efficacy and
applicability of this advanced age-dating procedure is demonstrated by the target selection
strategy for the Gemini Planet Imager. The unified age-dating scheme is combined with the
large scale spectroscopic survey to create a comprehensive list of nearby, young, solar-type

stars with reliable ages as the optimum targets for the direct imaging of exoplanets.
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Chapter 1

Introduction

The need for precise ages is ubiquitous throughout many astrophysical processes, from the
formation of planets to the evolution of the Universe. Nevertheless, precise ages are limited
to relatively few astronomical entities. The age of the Universe, determined by cosmological
model fits to Planck telescope measurements of the cosmic microwave background (CMB),
is 13.798 £ 0.037 Gyr (Planck Collaboration et al. 2013). The oldest known star in the
Milky Way Galaxy for which a reliable age has been determined is HD 140283 (14.46 + 0.31
Gyr: Bond et al. 2013), determined via modern theoretical isochrones and a well-determined
parallax measurement. For nearby, young stars, which are vital to the study of stellar and
planetary evolution, relative age precision is typically much worse than the ~0.3% and ~2%
found for the Universe and Milky Way Galaxy, respectively. Because of the importance
of nearby young stars to current research, and the necessity of precise stellar ages for the
analysis and interpretation of new findings, I have set forth the goal of identifying new nearby
young stars and improving the age-dating precision for nearby solar-type stars.

The quantification of time is absolutely fundamental for any scientific investigation in
which evolution occurs. In such cases, the most basic questions one must ask are: “What

are the characteristics of this inquiry at time t,? at time t57 Which of these characteristics



are unchanged and which are different?”, and “What can account for those similarities and
differences?”.

When it comes to stars, the questions are the same, but their incredibly long lifetimes
of several billions of years with hardly any changes of appearance make estimating the age
of individual stars a challenging task. Estimating their age is not only critical to the study
of individual stars, but it also ties closely to proper analyses of many seemingly disparate
phenomena (e.g., planetary system formation and evolution, ages of open/globular clusters,
ages of galaxies, etc.). Several age-dating methods for stars have been developed including
some fundamental (nucleocosmochronometry; Ludwig et al. 2010 and kinematic trace-back;
Song et al. 2003), model dependent (isochrones; Hillenbrand & White 2004, asteroseismology;
Cunha et al. 2007), and empirical methods (stellar spindown, time dependency of stellar
activities, decline in surface lithium; Zuckerman & Song 2004). The recent annual review
of stellar age-dating by Soderblom (2010) reiterates that no single age-dating method can
reliably determine the age of every type of star.

Age dating improvements can assist in calibrating stellar evolution models. The more
accurate age dating techniques we have, the better the models can be calibrated. Models
and observations can be combined to help determine the time scales for physical properties
of stars and planetary systems. Accurate ages can also help to calibrate the long term
evolution of planetary systems. While the ages of stars can have important consequences in
many realms of astrophysics, the focus of this dissertation will be on the relevance of precise

stellar ages to the study of star and planet formation.

1.1 Why Are Young, Nearby Stars Important?

Imaging and spectroscopic studies of young stars can help reveal how stellar and plane-

tary systems form and evolve. The most conspicuous young stars are found in the closest



molecular clouds, such as the Orion giant molecular cloud (Megeath et al. 2012), Taurus-
Auriga (Rebull et al. 2011), Ophiuchus (Padgett et al. 2008), Lupus (Spezzi et al. 2011),
and Chamaeleon (Young et al. 2005). While studies of these regions have helped broaden
our depth and understanding of stellar evolution, the distances to these groups (> 100 pc)
make observational studies a challenge.

The discovery of the TW Hya Association (Kastner et al. 1997) showed that young
associations of stars could exist without being associated with a nearby molecular cloud.
Remarkably, members of this nearby region of recent star formation are still being discovered
(Schneider et al. 2012b). After the discovery of the TW Hya Association, a widespread search
was executed by several groups to identify additional nearby coeval groups of stars. This led
to the discovery of multiple other nearby associations of various ages, including the (3 Pictoris
Moving Group, the Tucana-Horologium Association, the AB Doradus Moving Group, the n
Cha cluster, the Columba Association, the ¢ Cha Association, and the Argus Association
(see Zuckerman & Song 2004 and Torres et al. 2008 for details).

Studies of planetary systems around stars in young nearby associations has led to many
of the most recent pivotal discoveries in the field of planetary science. Circumstellar disks,
which are intimately tied to a system’s final planetary architecture, have been studied in
great detail for many of these associations (e.g. Rebull et al. 2008, Schneider et al. 2012a).
These studies have shown how circumstellar disks evolve (Wyatt 2008), and have helped to
constrain the era of final mass accretion for terrestrial planets (Melis et al. 2010). Members
of young nearby stellar groups also make prime targets for exoplanet direct imaging searches
(8 Pic - Lagrange et al. 2010, 2M1207 - Chauvin et al. 2004, HR8799 - Marois et al. 2008,
x And - Carson et al. 2013).

The primary factors affecting the detectability of exoplanets in direct imaging surveys are
the brightness of the host star, the angular separation of the host star and planet, and the

brightness of the planet. There are at least two, and likely three, properties of the observed



host star that can affect these characteristics. Two such properties that undoubtedly affect
exoplanet detectability are distance and age. The third possible factor is mass, as a planet’s
mass likely depends on the mass of its host star. McBride et al. (2011), using planet mass
and semi-major axis distributions determined from radial velocity surveys, perform Monte
Carlo simulations providing detection rates and detected planet properties for various stellar
samples using the expected performance of the Gemini Planet Imager (GPI - See Chapter
6). By simulating different input samples based on the three host star properties that
affect exoplanet detectability, one can inspect which property is most sensitive to exoplanet
detection. Not only did they find that a sample of younger stars are by far more advantageous
than samples of more massive or less distant stars, but that a direct imaging search around
younger stars is more sensitive to planets with lower masses (see their Figure 5). They find
that detection rates are highest around young stars, and, detecting a planet with a mass of
~1 M, necessitates a very young sample of stars. Therefore, for GPI, or any other direct
imaging campaign, a large sample of young, nearby stars is critical to the success of that

program.

1.2 Why Are Precise Ages Important?

In the field of planetary system formation and evolution, and any other young star related
science fields (e.g., evolution of circumstellar disks, membership analysis for young clusters,
sequential or triggered star formation, etc.), reliable, precise age-dating of young (age~10°~7
years) and adolescent (ageas10® years) stars is of the utmost importance. One of the most
exciting recent advances in astronomy is the study of exoplanetary systems. Our ability to
measure precise stellar/planetary physical parameters with modern telescopes and instru-
ments surpasses our capacity to precisely determine reliable stellar ages. The limitation in

our endeavor toward the complete theory of planet formation and evolution is not set by our



ability to discover them, but by the inferior precision of stellar age-dating.

Detectability and analysis of self-luminous giant planets depends sharply on planet age
(Fortney et al. 2008). These models highlight the importance of observing young targets and
how an incorrect age can lead to an inaccurate determination of planet mass. Therefore,
having a reliable age estimate for direct imaging target stars is critical to the overall success
of any direct imaging campaign. Figure 1.1 highlights the importance of an accurate stellar
age when determining the mass for directly imaged exoplanets.

There are two prominent models which are currently thought to describe how planets
form, the core accretion model of Marley et al. (2007) and the hot-start model of Burrows
et al. (2003). In the core accretion model, planets are gradually built up by first forming a
core by the accretion of planetesimals in the material which surrounds a star. Gas rapidly
accretes onto the cores to form gas giant planets (Marley et al. 2007). In the hot-start model,
giant planets are assumed to form like stars, possibly through the direct collapse of a disk
instability. The differences between how these two models function has direct consequences
on the predicted properties of young gas giants. Gas giants formed by core accretion are
cooler, smaller, less luminous, and take longer to evolve than those formed in the hot-start
model. Therefore, direct observations of luminosities from young Jupiter analogs will allow
us to probe which model best describes planetary evolution. Even with the relatively few
number of directly observed exoplanets to date, the hot-start models produce better matches
to the observed planets than the core accretion models (see Figure 4 of Janson et al. 2011).
This same figure also highlights the importance of having an accurate age by which to
compare the observed properties of directly imaged extrasolar planets to the models.

The Gemini Planet Imager (GPI: PI-Bruce Macintosh), to be delivered in 2013, is a
near-infrared coronagraph aimed at imaging young exoplanets in thermal emitted light. The
GPI Exoplanet Survey (GPIES: co-Pls - Bruce Macintosh & James Graham), the only

campaign of any size to be accepted for GPI, will carryout over 890 hours of observations
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Figure 1.1 A color-magnitude diagram highlighting the importance of accurate ages for mass
determinations of directly imaged exoplantets. DUSTY (Baraffe et al. 2003) and COND
(Chabrier et al. 200) evolutionary tracks of 10 and 500 Myr are plotted. The symbol sizes
along each track correspond to the mass in Jupiter masses, as given in the upper left hand
corner of the figure. The positions of the directly imaged exoplanets around HR 8799 (Marois
et al. 2008 and Marois et al. 2009) and x And (Carson et al. 2013) are also plotted.



over the next 3 years around carefully selected targets (~600 total). Detailed Monte-Carlo
simulations indicate the GPIES survey will discover ~50 exoplanets over the lifetime of the
GPI instrument, increasing the number of imaged exoplanets by an order of magnitude.
This large sample will for the first time match the statistical power of existing studies of
older planets using indirect techniques. However, even with images of ~50 exoplanets, the
amount of useful information we can extract from the gathered data will be limited by
our knowledge of the intrinsic properties of the host star of each discovered exoplanet. To
maximize the scientific result from this large-scale survey, and to make a significant step
toward the eventual goal of obtaining a theory of planet formation and evolution, one has
to discern as precisely as possible the ages of GPIES target stars. We at the University
of Georgia (Dr. Inseok Song and myself) were tasked with the responsibility of target
preparation for the GPIES survey.

GPIES target star age precision is currently limited by placement into one of six age bins
(~10 Myr, ~30 Myr, ~70 Myr, ~100 Myr, ~300 Myr, 2600 Myr). Therefore, if a faint
(My~19 mag) common proper motion object is discovered around a GPIES target, it can be
either an ~10 Jupiter mass planet (if age ~600 Myr) or an ~1 Jupiter mass planet (if age ~10
Myr) (Fortney et al. 2008). An imprecise age for a planet (deduced from its host star) can
lead to a very inaccurate analysis of its internal structure, atmospheric physics, and mass.
Although our current age-dating precision can reasonably discern ~10 Myr old stars from
~600 Myr old stars, the limiting factor in the final analysis of results from upcoming next
generation exoplanet surveys (with GPI, SPHERE, P1640, or HiCTAO) will be age-dating
precision. To achieve the most advantageous results of such a survey, target prioritization
and characterization requires dependable knowledge of stellar ages.

Without the results of next generation major astrometric missions (e.g., GAIA, Pan-
STARRS; to place stars on a color-magnitude diagram against theoretical isochrones) or

photometric monitoring projects (e.g., LSST; to age-date via asteroseismology), improving



age-dating methods is a daunting and challenging task. However, by adding more open
clusters as primary age calibrators and employing a modern statistical method, improvements
can be made to current age-dating precision (see Chapter 5). One of the goals of this work is
to develop a unified age-dating scheme for young and adolescent solar-type field stars which
will provide estimated numeric ages and uncertainties instead of the current status of relative
ordering of ages into age bins.

This thesis is organized as follows: a summary of age-dating techniques is given in Chapter
2. A new method of identifying nearby young late-type stars is given in Chapter 3. The
identification of nearby young solar-type stars is presented in Chapter 4. This is followed by
a new method of age determination for solar-type stars in Chapter 5. The application of the
new age-dating tool developed in Chapter 5 to the targets prepared for the Gemini Planet
Imager is given in Chapter 6, along with a discussion of future work in the field of stellar

age-dating.



Chapter 2

Age Diagnostics

2.1 All Spectral Types

The only age-dating method that can be used effectively for stars of any spectral type is to
determine convincingly that a star is a member of a moving group, cluster, or association.
Ages of moving groups, clusters, and associations are typically more accurate than ages
derived for single stars, and can be inferred from the properties of multiple members taken
as an ensemble, many times with methods inapplicable to single stars. Five such methods are
main-sequence turn-off (MSTO) ages, pre-main sequence (PMS) ages, identification of the
lithium depletion boundary (LDB), white dwarf (WD) cooling ages, and kinematic traceback.

Hydrogen burning lifetimes are inversely related to stellar mass. Therefore, the turn-off
point of a star cluster on an Hertzsprung-Russell (HR) diagram will become redder and less
luminous with time. For a sufficiently rich cluster, the location of the uppermost point of
its main sequence can be used to estimate the age of the cluster (Patenaude 1978). An HR
diagram, combined with theoretical or empirical isochrones, can also be used to estimate
ages based on the PMS populations of young clusters (Hillenbrand & White 2004).

Determining ages from the LDB requires identifying the mass at which lithium is fully



depleted in the spectra of very low mass stellar and substellar members of a coeval group
of stars. Determining an LDB age has observational limitations, as it requires medium or
high resolution spectra of intrinsically faint red objects. To date, this method of determining
open cluster ages has been applied to seven different stellar groups: « Persei (85 £ 10 Myr;
Barrado Y Navascués et al. 2004), Blanco 1 (132 £ 24 Myr; Cargile et al. 2010b), IC 2391
(50 + 5 Myr; Barrado Y Navascués et al. 2004), IC 2602 (46 £+ 6 Myr; Dobbie et al. 2010, IC
4655 (28 + 5 Myr; Manzi et al. 2008), NGC 2547 (35 &+ 4 Myr; Jeffries & Oliveira 2005) and
the Pleiades (130 + 20 Myr; Barrado Y Navascués et al. 2004). Open cluster age estimates
from LDB determinations are typically ~120-160 % of estimates using MSTO ages, the only
exception being IC 4665. The lack of convective-core overshoot considerations for MSTO
ages, which can prolong main sequence lifetimes by mixing additional hydrogen into stellar
cores, is a likely contributor to this discrepancy. Cargile et al. (2010b) show that a MSTO
ages utilizing a model that includes moderate amounts of core overshoot are consistent within
their uncertainties to LDB determined ages.

Ages can also be derived via precise WD luminosities compared with WD cooling models.
Ages of open clusters determined in this fashion agree well with MSTO ages (DeGennaro et
al. 2009).

For kinematic traceback, one must identify coeval stars with similar galactic space mo-
tions that are not gravitationally bound. These slowly dispersing, yet similar space motions
can be traced backwards in time to find when the group was in closest proximity, at which
point the expansion age is determined. This technique is advantageous because it avoids
any model dependencies. It has been utilized effectively to determine the age of the § Pic
moving group (Song et al. 2003), though attempts to apply this technique to the TW Hya

Association were unsuccessful (Weinberger et al. 2013).
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Stellar Kinematics

Nearby young moving-group members have been shown to occupy a unique region of UVW
space! (Zuckerman & Song 2004 and Torres et al. 2008). While UVW space motions can be
used effectively as an age indicator for identifying nearby young stars, they are insufficient
for age estimation or stellar group membership without additional age information. Figure
2.8 shows UVW space motions for all Hipparcos stars from the XHIP catalog, along with
the “good box” defined in Zuckerman & Song (2004) where nearby, young stars are found.
Figure 2.8 reiterates that although young, nearby stars occupy a somewhat confined region of
UVW space, that area of space is not unique to young stars alone. Therefore, age assignations

based solely on a star’s kinematics are unsound.

2.2 Single Stars

Stellar properties relating to age can be divided into two categories, which are deemed in this
work as age indicators and age evaluators. Age indicators are properties that can be used
to identify potential young stars, but, for the most part, are difficult to determine ages from
directly. Age evaluators are measurements that can be used to directly estimate a stellar age.
Some properties are potentially useful as indicators and evaluators. Unless otherwise stated,
the following summary of age diagnostics refers to age evaluators. A visual representation
of the usefulness of common age-evaluators as a function of stellar mass is shown in Figure

2.1.

LUVW are defined with respect to the Sun. U is positive toward the Galactic center, V is positive in the
direction of Galactic rotation, and W is positive toward the north Galactic pole.
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Figure 2.1 UVW space motions of Hipparcos stars from the XHIP catalog (black symbols).
The red box indicates the “good box” defined in Zuckerman & Song (2004) where nearby,
young stars tend to reside. The red symbols in the right hand plots indicate members of the
TW Hya Association (age ~8 Myr; Zuckerman & Song 2004) the 3 Pictoris Moving Group
(age ~12 Myr; Song et al. 2003), the Tucana-Horologium Association (age ~30 Myr; Torres
et al. 2008), and the AB Doradus Moving Group (age ~70 Myr; Torres et al. 2008).
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Figure 2.2 The effectiveness of various age-evaluators according to stellar mass. The ellipse
boundaries are approximations. Abbreviations in the figure are defined as follows: CMD =
placement on a color-magnitude diagram, Ho = Ha emission, Li = Lithium absorption, Ca
= Ca Il H & K emission, Rot = rotation rate, and X-ray = X-ray luminosity.
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2.3 Late-type Stars

Late-type stars (M spectral types) are typically age-dated by placing the star on a color-
magnitude diagram (CMD) and comparing its position with theoretical or empirical evolu-
tionary tracks. This method requires a precise distance measurement, which is unavailable
for most late-type stars because of their inherent faintness. Activity indicators (e.g., Ha
emission, X-ray emission) cannot readily discern young (<100 Myr) stars from a pool of old
(>600 Myr) field stars (Shkolnik et al. 2009). The Li A6708 absorption feature, an effective
age evaluator for young FGK-type stars in the age range of 10-100 Myr, becomes increasingly
sensitive to mass and age for M-type stars. The age at which a star becomes hot enough
to burn lithium in its core can be seen in the so-called “lithium depletion boundary”, which
can affect early to mid-M type stars at ages as young as the Beta-Pictoris Moving Group
(BPMG; ~12 Myr). Therefore, age-dating late-type stars with ages > 10 Myr using Lithium
becomes impractical. Lawson et al. (2009) show that spectroscopic indices, such as the Na
I index, that are sensitive to a star’s surface gravity can be used to distinguish relative age
differences of late-type members of nearby clusters and moving groups. Some gravity sen-
sitive spectral features will strengthen with age as a star evolves and contracts toward the
main sequence. In particular, for stars of spectral type M3 and later, the Na I A\8183/8195
doublet index shows a distinct difference between field dwarfs (strong absorption), young
stars (S12 Myr) (reduced absorption), and giants, in which the feature is mostly absent (see

Figure 3.5).

Late-Type Indicators

Although several young (<100 Myr), nearby (<80 pc) moving groups were identified during
the past decade (Zuckerman & Song 2004, Torres et al. 2008), these include few low-mass

members (spectral types later than ~M3). This is mainly due to the fact that unambiguous
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identification of young M-type stars is difficult if a well-measured trigonometric parallax is
missing.

Some young M-type stars have been identified, though they are either co-moving compan-
ions of earlier spectral types or in a group of very young (<10 Myr) stars that are relatively
confined to a small region of the sky (e.g., TWA and the subregions of the Scorpius Centau-
rus Complex). With a well-measured trigonometric parallax, one can find a young M-type
field star (e.g. AP Col; Riedel et al. 2011), however, a systematic search for young M-type
stars needs to wait for the next generation of parallax missions, such as Gaia, Pan-STARRS,
ete.

Rodriguez et al. (2011) and Shkolnik et al. (2011) show that UV-excess is an effective tool
for identifying young, M-type objects. M-type stars have multiple emission lines sensitive to
age in UV wavelengths. Such a method of identifying young stars was employed in Rodriguez
et al. (2011) utilizing UV-excess measurements from the Galazy Fvolution Explorer (GALEX;
Martin et al. 2005) and led to the proposal of several new TWA candidates. Shkolnik et al.
(2011), using GALEX in a similar way, independently confirm the membership of one of the
proposed candidates of Rodriguez et al. (2011) (TWA 32) and propose another additional
member (TWA 31).

Using the analysis of mid-IR excess fractions for young, nearby associations, we show
that a significant number of M-type stars display mid-IR excess emission in stellar groups
younger than ~10 Myr (Schneider et al. 2012b). Riaz et al. (2012) found a similar result
in their analysis of primordial disk fractions for young clusters, namely that disks around
later-type stars remain in the primordial stage for a longer period of time than disks around
stars of earlier spectral types. Identification of nearby, young, late-type stars utilizing mid-IR

excess is described in detail in Chapter 3.
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2.4 Solar-type Stars

For solar-type stars (FGK), ages are typically estimated by comparing a specific age diag-
nostic with those of a few well-studied clusters, such as the Pleiades and Hyades. There
are a variety of age-dating methods that have been considered, including placement on a
color-magnitude diagram (Hillenbrand & White 2004), stellar rotation (Barnes 2007), Li
A6708 absorption (Randich et al. 2001), X-ray brightness (Mamajek & Hillenbrand 2008),
Ha emission (Panagi & O’Dell 1997), Ca II H & K indices (Mamajek & Hillenbrand 2008),
and Galactic space motions (Hanninen & Flynn 2002). The basic science and limitation of

each method are described in the following sections.

Evolutionary Tracks

To estimate the age of a solar-type star using the method of evolutionary tracks, it is placed
on a CMD. Its position on the diagram is then compared to theoretical evolutionary tracks.
This method requires knowledge of the temperature, luminosity, extinction coefficient, and
metallicity (with some uncertainty in each) for the star in question. To derive accurate lumi-
nosities (or absolute magnitudes), accurate parallax measurements are required. Isochrone
comparisons work best for late-type PMS stars and early type stars evolving rapidly off main
sequence. Once the main sequence is reached for solar and late-type stars, luminosity only

varies slightly with age, making CMD based age-dating impractical.

Lithium Abundance

As a star ages, convective mixing can bring surface material into the stellar interior where
the temperature is high enough for lithium burning to occur. The total lithium content of
a star will decline as it ages. A star’s lithium abundance is determined spectroscopically

(specifically the 6708 A line). Lithium is not a valid age estimator for stars earlier than mid-
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Figure 2.3 Lithium abundances as a function of spectral type for the Lower-Centaurus Crux
(10 Myr; Song et al. 2012), Pleiades (100 Myr; Luhman et al. 2005), and Hyades (625 Myr;
Perryman et al. 1998) stellar groups.

F because of their smaller convection layer or in stars later than mid-M, for which lithium is
rapidly depleted or for which high enough internal temperatures are never reached. A plot
of lithium abundances as a function of age and spectral type is displayed in Figure 2.2. V-K
color is chosen as a proxy for spectral type in Figures 2.3 - 2.8 because of its long baseline

and the availability of V and K magnitudes.
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Rotation Rate (Gyrochronology)

Stellar rotation rates decrease as a star ages (Skumanich 1972). A star will lose angular
momentum as it ages because of magnetized stellar wind braking. The mass lost through
stellar winds carries angular momentum away from the star. Thus the outer convective
envelope spins down, creating a shear between it and the inner radiative zone beneath.
This shear slows down the overall rotation of the star with time. The spectroscopically
measured wvsini parameter is commonly used as an age indicator, but uncertainty is high
because of the ambiguity of sini (Vican 2012). A plot of vsini values as a function of age and
spectral type is displayed in Figure 2.3. Rotation generates large regions of magnetic spots,
leading to optical photometric variability. Photometric time-series surveys, from which a
rotational period can be measured, are more beneficial (no sini), but require long-term
photometric monitoring. Age-dating with gyrochronology has shown the existence of two
well-defined sequences representing two different rotational states (the fast (convective, or C)
and the moderate to slow (interface, or 1) sequences; Barnes 2003) within the same cluster.
While many stars show an increase in period with a decrease in temperature, there exists a
second sequence of rapid rotators with little to no temperature dependence. Barnes (2003)
attribute these two different rotational sequences to the interaction of the radiative cores
and convective envelopes of stars. Those stars on the C sequence have radiative cores and
convective envelopes decoupled, while stars on the I sequence do not. A discussion of the
limitations of gyrochronology appears at the end of Section 5.2. A plot of rotational periods

as a function of age and spectral type is displayed in Figure 2.4.

Call H& K

Chromospheric activity decreases as a star ages. It is related to the stellar magnetic dy-
namo, the strength of which scales with rotational velocity (Mamajek & Hillenbrand 2008).

The shear caused by stellar rotation can cause chromospheric heating, forming emission
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Figure 2.4 vsini as a function of spectral type for the Lower-Centaurus Crux (10 Myr; Song
et al. 2012), Pleiades (100 Myr; Luhman et al. 2005), and Hyades (625 Myr; Perryman et
al. 1998) stellar groups.
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Figure 2.5 Rotational period as a function of spectral type for the Lower-Centaurus Crux
(10 Myr; Song et al. 2012), Pleiades (100 Myr; Luhman et al. 2005), and Hyades (625 Myr;
Perryman et al. 1998) stellar groups.
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lines. Ca II H & K emission lines strengths are one measure used to approximate levels of
chromospheric activity. Since these features are in the cores of strong absorption lines, the
photosphere is suppressed, and we can see the emission from the chromosphere. Ca II H &
K lines are commonly parameterized by the activity index R’yx. The R'yx index was first

defined by Noyes et al. (1984) as:

R/HK = RHK - Rphot (21)

where R,po is the photospheric contribution to the flux, defined as

10gRynot = —4.898 + 1.918(B — V)2 — 2.893(B — V)? (2.2)

and

Ry =1.34 x 107'C;S (2.3)

where C. is a conversion factor given by:

logCep = 0.25(B —V)* —1.33(B—V)? +043(B—-V) +0.24 (2.4)

and S is the S-index defined as:

H+ K
5= . 2.5
“Ryv (2.5)

H and K are two 1.09 A wide bandpasses centered approximately on 3934 and 3967 A, R
and V are two 20 A wide filters at 3901 and 4001 A, and « is an instrumental calibration
factor.

This method is currently only viable for a small range of stellar masses (F7-K2, Mamajek

& Hillenbrand 2008). A plot of R i values as a function of age and spectral type is displayed
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Figure 2.6 R'gk as a function of spectral type for the Lower-Centaurus Crux (10 Myr; Song
et al. 2012), Pleiades (100 Myr; Luhman et al. 2005), and Hyades (625 Myr; Perryman et
al. 1998) stellar groups.

in Figure 2.5.

Hao Emission

Ha emission and absorption line strengths are another common method of approximating
levels of chromospheric activity. Ha emission is also used to identify stars that are actively

accreting. A plot of Ha equivalent widths as a function of age and spectral type is shown in
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Figure 2.7 Ha as a function of spectral type for the Lower-Centaurus Crux (10 Myr; Song
et al. 2012), Pleiades (100 Myr; Luhman et al. 2005), and Hyades (625 Myr; Perryman et
al. 1998) stellar groups.

Figure 2.6.

X-ray Luminosity

A third method of estimating chromospheric activity is X-ray activity. X-ray brightness is
commonly parameterized by the fractional X-ray luminosity, or Ly /Lyy,. X-ray luminosity

is typically used as an age indicator (Torres et al. 2008), though there is potential to use
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Figure 2.8 The fractional X-ray luminosity as a function of spectral type for the Lower-
Centaurus Crux (10 Myr; Song et al. 2012), Pleiades (100 Myr; Luhman et al. 2005), and

Hyades (625 Myr; Perryman et al. 1998) stellar groups.

it as an age evaluator (see Section 5.2). Distinguishing relative ages for stars younger than

< 100 Myr can be difficult because Ly /Ly, saturates at ~1073. A plot of fractional X-ray

luminosities as a function of age and spectral type is displayed in Figure 2.7.
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Solar-Type Indicators
Dust Luminosity

By identifying debris disk host stars via their excess infrared emission above what is expected
from a stellar photosphere, Rhee et al. (2007) show a clear trend of decreasing fractional
infrared luminosity versus time for stars with ages greater than 10 Myr. Studies using
Spitzer made a substantial contribution to the study of debris disks around sun-like stars,
both in quantity and analysis (e.g. Trilling et al. 2008, Carpenter et al. 2009, and Plavchan
et al. 2009). Trilling et al. (2008) found that disk activity for stars with ages > 1 Gyr
declines very slowly, which directly contrasts the more rapid decay found around stars with
ages from 10 Myr to 1 Gyr. They suggest this may be a sign that disks around stars with
younger ages are likely due to events analogous to the era of late heavy bombardment in our
own solar system. Carpenter et al. (2009) confirmed the findings of Rhee et al. (2007) of
decreasing disk luminosity with age. Plavchan et al. (2009) find that the prevalence of bright
70 um excess is distinctly different for older solar-type and younger late-type (T, < 5000
K) stars. The vast majority of the debris disks discovered by IRAS and Spitzer are cold (T
< 150K) and exist at distances of ten to hundreds of AU from their host star. Instances
of warm dust (T > 150K) are much rarer (Morales et al. 2011 and references therein) and
can provide additional age constraints. A rapid rise of dust luminosity at young stellar ages
due to warm dust is predicted by simulations, and is ascribed to the beginning stages of
oligarchic growth (Kenyon & Bromley 2008). Currie et al. (2008a, 2008b, 2009) find a dust
luminosity peak around 10-20 Myr for intermediate mass stars. Melis et al. (2010) find the
epoch of final mass accretion of terrestrial planets to be 30-100 Myr for solar type stars, and

10-30 Myr for intermediate mass stars (1.5-8.0 Mg).
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2.5 Early-type Stars

Early-type stars are typically age dated by placement on a color-magnitude diagram in
comparison to empirical or theoretical isochrones (e.g., Lowrance et al. 2000, Song et al.
2001). This technique requires a well determined distance, which is not known for most
stars. Most errors are due to assigning spectral types based on colors (affected by extinction,
metallicity, binarity). Stellar rotation can also modify the evolutionary rates (Rieke et al.
2005). Rhee et al. (2007) find that dust emission around A-F type stars with ages ranging
from 10 to 50 Myr is ~35 times larger than that found around stars with similar spectral
types and ages > 500 Myr. Therefore, a large dust luminosity can be indicative of a young
age for early-type stars, but because of the lack of measurable age diagnostics for early-type
stars, they are not considered in this work. However, Mamajek (2012) successfully used
the existence of a later-type co-moving companion to reevaluate the age of the controversial
planet-hosting star Fomalhaut. Such a method of calibrating early-type star ages show great

potential (see Section 7.2).

26



Chapter 3

Identification of Young M-type Stars

Low-mass stars are the most abundant stellar constituent in our Galaxy and are now known
to be likely the typical planet hosts, thanks to recent radial velocity and microlensing results
(e.g., Gaudi et al. 2008). Unlike stars with spectral types A-K, M-type stars are somewhat
underrepresented in catalogs of nearby stars because of their inherent faintness. Therefore,
a survey of nearby young M-dwarfs cannot rely upon existing catalogs of bright stars (such
as Hipparcos). In addition, many age diagnostics are degenerate for later spectral types (see
Section 2.3). In this Chapter, mid-IR excess emission is used to locate previously unidentified
young, low-mass stars. Portions of this Chapter appear in Schneider et al. (2012b).

Based on the Wide-field Infrared Survey Explorer (WISE) channel 4 at 22 pm, for M-type
members with spectral types between MO and M6, Schneider et al. (2012a) derive updated
excess fractions of 45713% for the ~5-8 Myr (Luhman & Steeghs 2004) n Cha cluster, and
21182% for members of the TW Hydrae Association (“TWA” — age ~8 Myr; Zuckerman &
Song 2004). For the ~12 Myr old  Pictoris Moving Group (BPMG — age ~12 Myr; Song
et al. 2003), no evidence was found for protoplanetary (primordial or transitional) disks. Of
20 M-type stars in the BPMG in this spectral range, only one case of marginal 22 ym excess

was recovered, coming from a well-known debris disk bearing member AU Mic. This implies
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that M-type stars with spectral types between M0 and M6 exhibiting mid-IR excess are very
likely young (age < 10 Myr).

Using the fact that random field M-type stars with mid-IR excess are extremely rare,
one can search for <10 Myr M-type stars in the solar neighborhood with WISE data. These
additional youngest M-type post T-Tauri stars can give an important clue to the mass
function of young nearby stellar associations. Omne can utilize this association of mid-IR
excess and youth as a new search method for identifying nearby, young (<10 Myr), late-
type stars and brown dwarfs. Low-mass stars and brown dwarfs in this age range should
all show additional unambiguous indicators of youth, such as strong Ha emission, lithium
absorption, low-gravity spectral features, etc. Therefore, the youth of any candidate young
M-type object discovered by its excess emission at mid-IR wavelengths can be evaluated
with follow-up spectroscopy.

The TW Hydrae Association is one of the nearest (d~30-90pc) star forming regions. Its
proximity, in combination with its young age make it an ideal area for the study of stellar,
planetary, and circumstellar disk evolution. It has also been shown to be useful as a testbed
for the evaluation and implementation of new techniques to identify young stars (e.g. UV-
excess; Rodriguez et al. 2011, Shkolnik et al. 2011). For the above reasons, the TW Hydrae
Association has been chosen to be examined in a pilot study to find young, M-type stars by

their mid-IR excess emission.

3.1 Search Method

First, a search area is defined around known TWA members in decimal degress for right

ascension (R.A.) and declination (Dec.) (Figure 3.1).

150.0 < R.A. < 205.0
-50.0 < Dec. < -25.0
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Figure 3.1 The location of TWA 33 and TWA 34 alongside other TWA members. Probable
members (6,12, 22, and 31; Schneider et al. 2012a) are displayed as open circles. Arrows
indicate the direction and magnitude of the measured proper motions for each member. The
large dashed box indicates the search area defined in Section 3.1.
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All Two Micron All-Sky Survey (2MASS) sources in this region are cross-matched with
WISE using a source matching radius of 5”7, restricting the search to those matches that are
well-detected (i.e., not upper limits) in all 2MASS and WISE bands, and require the WISE
extended source flag to be less than 2 (i.e. not associated with a 2MASS extended source
catalog object). Then, the following magnitude cut in 2MASS J-magnitude is made in an
attempt to exclude extragalactic sources, and various 2MASS/WISE colors are restricted to
be those of M-type objects. 2MASS/WISE color selection criteria for M-type objects were
determined by examining the colors of known M-type members of the § Pic, n Cha, and TW

Hydrae associations.

J < 14.0 (mag)
0.5 < J-H < 0.75 (mag)
0.2 < H-Kg < 0.5 (mag)
0.8 < J-Kg < 1.2 (mag)
0.75 < J-W1 < 2.0 (mag)

The resulting list is replete with spurious detections in WISE channel 4 (for example,
sources with S/N > 5, but no obvious source visible in W4 images). To address this issue,
a WISE channel 4 magnitude cut was made in such a way as to detect an M-type star at
> bo based on a typical uncertainty for a detectable faint source of ~1.0 mJy. Using the
zero-point flux from Jarrett et al. (2011), a source with a flux of 5.0 mJy in WISE channel 4
was found to correspond to a magnitude of ~8.1 mag. Therefore, all sources with a measured
WISE channel 4 magnitude brighter than 8.1 mag are kept as candidates.

As stated previously, candidates are required to have detections in WISE channel 4.
This refers to the W4 magnitude measured with profile-fitting photometry provided in the
WISE catalog. The WISE catalog also provides a W4 magnitude as determined via aperture

photometry, which can be found in the “long form” version of the WISE all-sky source
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catalog. In addition to the requirement that all candidates were well-detected in the profile
fitting photometry, candidates are required to be well-detected (i.e., not an upper limit)
as determined by their magnitude measured via aperture photometry. By carefully eye-
checking a selection of sources, it was found that those with an upper limit in WISE channel
4 determined by aperture photometry, even when the profile-fitting magnitude indicates a
good detection, are spurious detections. By forcing PSF fitting and aperture photometric
results to be similar, approximately half of all remaining candidates were discarded in this
way.

WISE channel 1 and WISE channel 4 magnitudes are then used to select objects with
mid-IR excess. As seen in Figure 2 of Schneider et al. (2012a), a typical W1-W4 color for an
M-type non-excess star is between 0 and 1. Objects having colors residing in the following

range are selected as excess candidates.
W1-W4 > 1.0 (mag)

Mid-IR excess candidate selection is displayed in Figure 3.2.

A total of 76 M-type mid-IR excess candidates were found in the TWA search area defined
above. These were then further examined by checking the corresponding WISE images of
each candidate for any evidence of contamination, spurious detections in WISE channel 4
(S/N > 5, but no obvious source visible in W4 images), or an extended shape indicative of
an extragalactic nature. After the WISE image screening, 51 candidates remained. This list
was then cross-matched with SIMBAD. Twelve sources were found to be either extragalactic
or pulsating variable stars.

One object (2MASS 13373839-4736297), is a known young M-dwarf first discovered by
Rodriguez et al. (2011) in their search for young stars utilizing UV-excess. Rodriguez et al.
(2011) show that this star, with an estimated spectral type of M3.5 and distance of 126 pc,

shows youthful characteristics in its spectrum. They measure an Ha equivalent width of 13.7
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Figure 3.2 J-W1 vs W1-W4 color-color diagram showing the excess candidate selection.
Seventy-six excess candidates are shown as large red symbols, while small black symbols
represent non-excess candidates (see Section 3.1).
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A in emission, and a Li A6708 equivalent width of 308 mA. This object is likely a member
of Lower-Centaurus Crux region (d~95 pc, age ~10 Myr; Song et al. 2012) of the Scorpius
Centaurus Association, based on its estimated distance and proper motion. This is the first
evidence for mid-IR excess for this star, which shows that this search method is likely to be
useful for other areas of the sky, such as the sub-regions of the Scorpius-Centarus Complex.

Six confirmed TWA members were recovered (TWA 3A, 27, 28, 30A, 31, and 32). The
lone late-type (M4), mid-IR excess TWA member not returned with this search method was
TWA 30B. This object did not meet the selection criteria because its photospheric emission
is heavily obscured up to at least WISE channel 2, likely due to its edge-on disk geometry
(Looper et al. 2010b; Schneider et al. 2012a).

For the remaining 32 candidates, their positions are cross-matched with the PPMXL
catalog of positions and proper motions (Roser et al. 2010) to inspect for any candidates
that have measured proper motions consistent with that of known TWA members. To
select the best candidates, a total proper motion magnitude and direction within 1o of the
average of confirmed TWA members is required. Thirty of the candidates show inconsistent
proper motions. The last two remaining candidates (2MASS 11393382-3040002 and 2MASS
10284580-2830374), with proper motions consistent with known members of TWA (see Figure

3.1), are discussed in detail in the following section.

3.2 Spectroscopic Follow Up & Membership Evalua-
tion

To check for the expected signatures of youth for an M-type TWA member, candidates
2M1139 and 2M1028 were followed up spectroscopically with the Wide Field Spectrograph
(WiFeS; Dopita et al. 2007) on the 2.3m telescope located at the Siding Spring Observatory.

2M1139 was observed on 2012 May 30 and 2M1028 was observed on 2012 August 3. The
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spectra were obtained with the Bsg and Rs3ggo gratings that cover the wavelength ranges
3400 to 6000 A and 5600 to 9500 A respectively, with a resolution of R ~ 3000. A portion
of each spectrum containing the Ha emission line and the Li A\6708 absorption line is shown
in Figure 3.3 (2M1139) and Figure 3.4 (2M1028). 2M1139 closely resembles the average
combined spectrum of old field dwarfs GJ 299 (M4.5) and GJ 551 (M6), while 2M 1028 most
closely resembles GJ 551. A comparison of each candidate TWA member with these spectra
shows a considerable weakening of MgH, CaH, CaOH, KI and Nal features compared to old
field dwarfs with similar TiO band strengths (Figures 3.3 & 3.4). As seen in Table 3.1, each
candidate shows moderate Ha emission and strong lithium absorption.

As discussed in Section 2.3, the Na I index can help in distinguishing stellar ages for late
type stars. The Na I index was measured for both candidates, and, using their R-I colors from
the flux-calibrated spectra, their values are compared with the Na I index-color relations for
various stellar groups from Lawson et al. (2009) in Figure 3.5. VRI colors (in the Johnson-
Cousins system) were computed from the flux-calibrated spectrum for each candidate, and
are listed in Table 3.1. The photometry is estimated to be accurate to within 4+0.01-0.02
mags. As seen in the figure, the Na I index of each candidate suggests a low surface gravity,
and an age similar to TWA. This low-gravity feature, along with the measured equivalent
widths of the Ha emission and lithium absorption lines, given in Table 3.1, confirm the youth
of both candidates.

As mentioned in Schneider et al. (2012a), for most cases, the determining factor between
membership in TWA and the further away, Lower-Centaurus Crux (LCC) region of the
Scorpius Centaurus Complex is distance, with a possible boundary between the two regions
occurring near 100 pc. The distance to each candidate TWA member is estimated in two
ways. First, a photometric distance is calculated using the measured spectral type in combi-
nation with an empirical isochrone for known TWA members. The spectral type is estimated

to be M4.7 £ 0.5 for 2M1139 and M4.9 + 0.5 for 2M1028 using the TiO5 index as described
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Figure 3.3 A portion of the optical spectrum of TWA 33 (black curve). Major atomic and
molecular features have been labeled. The inset shows its lithium absorption feature, and
has been normalized to the continuum. The red line is the spectrum of TWA 33 divided by
the combined spectra of old disk stars GJ 299 and GJ 551, highlighting the various gravity
sensitive features.
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Figure 3.4 A portion of the optical spectrum of TWA 34, displayed in the same manner as
Figure 3.3. The red line is the spectrum of TWA 34 divided by the spectrum of GJ 551.
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Table 3.1. TWA 33 and TWA 34 Properties
Parameter Value Ref.
TWA 33 (2M1139) TWA 34 (2M1028)
a (J2000) 11:39:33.83 10:28:45.80 1
0 (J2000) -30:40:00.3 -28:30:37.4 1
o -88.7 £ 6.1 (mas/yr) -65.5 £+ 4.1 (mas/yr) 2
is -25.9 £ 6.1 (mas/yr) -11.1 + 4.1 (mas/yr) 2
Optical SpT M4.7 4 0.5 M4.9 + 0.5 3
Distance® 41 + 8 pc 50 £ 10 pc 3
DistanceP 42 £ 4 pc 49 + 4 pc 3
V-R 1.37 4+ 0.03 (mag) 1.65 £+ 0.03 (mag) 3
R-1 1.80 4+ 0.03 (mag) 1.97 4+ 0.03 (mag) 3
J 9.985 £ 0.021 (mag) 10.953 £ 0.027 (mag) 1
H 9.414 + 0.023 (mag) 10.410 + 0.024 (mag) 1
Kg 9.118 + 0.023 (mag) 10.026 £+ 0.022 (mag) 1
w1 8.765 + 0.022 (mag)  9.592 + 0.023 (mag) 4
W2 8.404 + 0.019 (mag) 9.116 £+ 0.020 (mag) 4
W3 7.135 £ 0.017 (mag)  8.243 £ 0.020 (mag) 4
W4 5.518 £+ 0.038 (mag) 6.845 + 0.075 (mag) 4
Li EW 470 mA 370 mA 3
Ha EW 5.8 A 9.6 A 3
Na I index 1.14 £+ 0.02 1.12 + 0.02 3
NUV 22.325 £+ 0.397 (mag) 5

2Photometric distance using empirical TWA isochrone.

PKinematic distance assuming TWA membership.
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Figure 3.5 Na I index trends for various stellar groups from Lawson et al. (2009). The
location of TWA 33 and TWA 34 suggests a low surface gravity, consistent with other TWA
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Myr, n Cha ~5-8 Myr, and € Cha ~ 6-7 Myr.
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in Reid et al. (1995). Placing these candidates on the empirical TWA isochrone, an absolute
K magnitude of ~6.0 mag and ~6.5 mag is estimated for 2M1139 and 2M 1028, respectively.
From these absolute magnitudes, a photometric distance of ~41 pc for 2M1139 and ~50 pc
was calculated for 2M1028. Uncertainties using this method are typically ~20%.

The kinematic distance is also estimated by obtaining a kinematic parallax following the
method described in Mamajek (2005). The mean velocity of TWA was calculated using
parameters of confirmed members from Schneider et al. (2012a). The adopted TWA space
velocity is (U, V, W) = (-10.8, -18.1, -4.4) km s'. As with TWA 30A and TWA 30B,
which have sky positions and proper motions similar to that of 2M1139 (see Figure 3.1),
almost all space motion is directed toward the TWA convergent point (Looper et al. 2010a;
Looper et al. 2010b). From this motion, a kinematic parallax of 23.6 4+ 1.8 mas is calculated,
corresponding to a distance of 42 + 3 pc. For 2M1028, a kinematic parallax of 20.3 + 1.7
mas is found, which corresponds to a distance of 49 + 4 pc. Both estimates are in excellent
agreement with the calculated photometric distances. These distance estimates put each
candidate well on the TWA side of the ~100 pc dividing line between TWA and the LCC.

Rodriguez et al. (2011) and Shkolnik et al. (2011) show that UV-excess is an effective
tool for identifying young, M-type objects. Evidence of UV-excess was searched for using the
Galaxy Evolution Explorer (GALEX; Martin et al. 2005) and found that 2M1139 has not
been covered in the most recent data release. 2M1028 was detected by GALEX, with a near
ultraviolet (NUV) magnitude of 22.325 + 0.397 mag. With a 2MASS J-K color of 0.93 mag,
and a NUV-J color of 11.37 mag, it is noted that this object would pass the selection criteria
outlined in Rodriguez et al. (2011) for young star candidates, namely NUV-J < 10.20(J-K)
+ 2.2, indicative of a young age.

The combination of position, proper motion, spectral signatures of youth, distance esti-
mates, mid-IR excess, and, in the case of 2M1028, UV-excess, lead us to the conclusion that

2MASS 1139 and 2M1028 are indeed authentic members of the TW Hydrae Association.
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Figure 3.6 Spectral energy distributions of TWA 33, TWA 34, and 2M1337 showing their
mid-IR excess emission. The solid circles are photometric measurements from 2MASS and
WISE. The thin black curve is an atmospheric model (Hauschildt et al. 1999) fit to the
2MASS data. The dashed lines are single temperature blackbody dust fits to the excess
emission with the dust temperatures (in K) as specified in the plot. The thick curve is the
spectral model + blackbody dust fit. 7 = infrared luminosity = L;r/ Lo

Following the naming convention for TWA members, 2M1139 and 2M1028 are designated
TWA33 and TWA 34, respectively. The properties of TWA 33 and TWA 34 are summarized
in Table 3.1. Figure 3.6 includes a spectral energy distribution (SED) that shows the mid-
IR excess emission of each new member. Also shown is the SED of a likely LCC member
2M1337, first identified as a young star by Rodriguez et al. (2011), the infrared excess of

which was discovered in this search.

3.3 Circumstellar Disk Evolution around M-type Stars

At the age of TWA or younger, it is noted that the use of mid-IR excess as a search method is
highly effective for TW Hydrae members with spectral types of M4 or later. Including TWA
33 and TWA 34, there are 16 TWA members with spectral types in this range. Fourteen of
these were individually detected with WISE (TWA 3B and 5B are too close to their primary

members to be resolved individually). Nine of these fourteen members show significant mid-
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IR excess emission, eight of which were found with this search method. The discovery of
TWA 33 and TWA 34 demonstrates the effectiveness of using mid-IR excess as a tool to
identify nearby, young, late-type stars. These stars show many signatures of youth expected
for a TWA member, such as Ha emission, lithium absorption, and low surface gravity spectral
features. Using two different methods, a distance of < 50 pc is determined for both stars,
consistent with their TWA membership. Also rediscovered is the young, likely LCC member
2M1337, first identified as a young star by Rodriguez et al. (2011). This is the first evidence
for the presence of a circumstellar disk around this star.

Considering the high fraction of late-type mid-IR excess stars from TWA and the slightly
younger 1 Cha Association (45% for M-type members - Schneider et al. 2012a), mid-IR
excess can likely be a useful tool in identifying more young, nearby, late-type stars and
brown dwarfs. One can expand this search for these objects to other areas of interest, such
as the sub-regions of the Scorpius-Centaurus Association, or even the entire sky.

An interesting conjecture is whether there is a higher fraction of mid-IR excess stars
among the latest M spectral types (M6 or later). For the six known TWA members with
spectral type later than M6, three — TWA 27, 30A and 32 — were detected individually by
WISE to have excess emission in channel 4. TWA 5B, an M8 dwarf companion to TWA
5A, is too close to its primary to be resolved. TWA 26 and TWA 29 have only upper limits
in WISE channel 4, so no strong conclusions regarding mid-IR excess can be deduced from
WISE for these members, though TWA 26 shows no excess at 24 pum via Spitzer MIPS
(Schneider et al. 2012a). In summary, all WISE detectable late M-type TWA members show
mid-IR excess emission at the W4 band. To date, no members of the 17 Cha cluster have been
found with spectral types later than M6, though searches have been performed (Lyo et al.
2006). The BPMG has two known late-type members (excluding giant planet [ Pictoris b),
HR 7329B (M7.5; Lowrance et al. 2000) and 2MASS 0608-27 (M8.5; Rice et al. 2010). HR
73298 is too close to its host star to be resolved individually with WISE, and 2MASS 0608-27
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has an upper limit in WISE channel 4. So, at this point, only TWA has a reasonable number
of latest M-type members to check the conjecture of even more prolonged disks among the
latest M-type stars. Future missions, such as Gaia, which should discover more late-type
members of these nearby associations, will allow us to test the hypothesis that primordial
disks have longer lifetimes around later-spectral types in this spectral type range.

While T have shown that mid-IR excess emission can be a useful tool for identifying
nearby, young, late-type stars and brown dwarfs, caution must be taken when considering
association properties, such as disk fraction and mass function. Any objects found with this
method will surely bias the measure of disk frequency for a particular group of stars, so
the excess fraction for TWA is not updated here. If the hypothesis of longer disk lifetimes
around later spectral types is true, then any objects found with this method would bias any
estimate of the mass function as well. While the question of whether or not there is a higher
fraction of mid-IR excess for the latest spectral types is an interesting one, it cannot be

answered with objects found with the search method described in this chapter.
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Chapter 4

Identification of Young, Nearby
solar-type (FGK) Stars

Stellar X-ray activity is a rough proxy for age for main sequence stars, because younger
stars tend to have stronger X-ray emission than older stars of the same mass (see Section
2.4 and Figure 2.7). In order to identify new nearby, young, solar-type stars, specifically for
the Gemini Planet Imager, a large scale spectroscopic survey was undertaken to measure
various age diagnostics for stars showing significant fractional X-ray luminosities. In order
to identify nearby stars with high X-ray luminosities, the entire Tycho-2 catalog (Hgg et
al. 2000) was cross-matched with the ROSAT all-sky survey. The resulting fractional X-ray
luminosities of the cross-correlation are plotted in Figure 4.1 compared with the positions of
solar-type members of the Pleiades and Hyades clusters. Optical spectra were obtained for
~3000 of these X-ray bright stars utilizing multiple observatories, including the Dominion
Astrophysical Observatory (Canada), the Siding Spring Observatory (Australia), the Liv-
erpool Telescope (Canary Islands), and the Lick Observatory (California). Stars observed
with this campaign in comparison with the original X-ray sample are highlighted in Figure

4.2.
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For each observed star, Ha and LiA6708 equivalent widths are measured with the Im-
age Reduction and Analysis Facility (IRAF). vsini values were measured by first obtaining
equivalent widths of several absorption lines in the region around ~6400 A, then by follow-
ing the methods outlined in Strassmeier et al. (1990). For those stars observed in the blue
portion of the optical spectrum (~4000 A), Ca IT H & K measurements were performed,
then converted to R'px values following the methods outlined in Schréder et al. (2009).
Lastly, radial velocities were determined for stars for which high-resolution echelle spectra
were obtained. Radial velocities were evaluated by comparing spectral line locations with
several radial velocity standards using the IRAF fxcor subroutine. Out of ~3000 stars ob-
served through this program, ~700 were determined to have ages less than the age of the
Hyades based on spectroscopic considerations (see Chapter 5). The X-ray luminosities of
the young stars found through this survey are again plotted in Figure 4.3. These stars are
combined with the list of solar-type stars from the SACY catalog (Torres et al. 2006) and
a previous large-scale spectroscopic survey for young nearby stars (Song, I., Zuckerman, B.,
& Bessell, M. - private communication) to generate the most comprehensive list of nearby,
young, solar-type stars. This list is presented in Table 4.1. Approximately 200 new young
and adolescent stars found via this initiative were added to the list of targets for GPT (~30%
of the entire GPI sample - see Chapter 6). The distribution of young stars found through
this work combined with young stars from the SACY and Song, I., Zuckerman, B., & Bessell
catalogs is displayed in Figure 6.1, highlighting the young stars determined to be suitable

GPI targets.
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Figure 4.4 Distribution of young (age < 200 Myr) nearby stars. Stars highlighted in red are
the Scorpious-Centaurus OB Complex.
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Chapter 5

Development of a Unified Age-Dating

Tool for Solar-Type Stars

5.1 Issues With Current Age-Dating Methods for Solar-
Type Stars

Because the method used to determine the age of a particular star depends on that star’s
spectral type, multiple age-dating techniques have been developed and employed (Zuckerman
& Song 2004, Soderblom 2010). For solar-type stars (FGK), ages are ordinarily estimated
by measuring a particular age diagnostic, and assigning an age based on that one measured
property. While this is a simple method to return an age for a given star, there are substantial
inconsistencies between the different age evaluators (Song et al. 2004, Song et al. 2012).
Therefore, relying on one particular age index to determine the age of a star is insufficient.

Age estimation for FGK spectral types is improved in this work via two initiatives: the
inclusion of additional clusters with known ages for age diagnostic comparison (Tables 5.1
and 5.2 and Section 5.2) and the implementation of a modern statistical analysis method

(Section 5.3). Open clusters are age benchmarks because their ages can be determined
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by means unavailable for single stars (see Section 2.1). By increasing the number of age
comparison clusters, a larger sample of benchmark ages can be compared to increase the
current number of age bins. These new clusters can then be combined with a new age-dating
scheme that will use all of the available age measures of a star in unison in order to estimate
reliably the most likely age.

Two large projects have been undertaken in an attempt to improve stellar age estimation
for FGK stars: the upgrade of the list of comparison clusters used in order to have a finer
age grid, and the development of a novel statistical approach to determine the most likely

numeric age of a star.

5.2 Cluster Data Upgrade

The estimated ages of nearby stars saw a significant improvement by including more than
one age evaluator simultaneously (e.g., Zuckerman & Song 2004). For FGK stars in their
analysis, features such as Li A6708, X-ray emission, Ha emission, galactic space motions,
and placement on a color-magnitude diagram were inspected and compared to a few well-
studied clusters. The age of a well-observed star with one (or more) of the aforementioned
age-diagnosticss available is determined by placing the star in one of six age bins (~10 Myr,
~30 Myr, ~70 Myr, ~100 Myr, ~300 Myr, and 2600 Myr), with uncertainties of one age
bin.

A clear visual representation of several of these various age bins is within the plot showing
fractional X-ray luminosity versus spectral type, usually in the form of color determined
from broadband measurements (Figure 5.1). As seen in the figure, there is a clear separation
between the Pleiades (age ~100 Myr) and the Hyades (age ~625 Myr) open clusters. If
one is attempting to age-date a star, one can fairly easily determine if the target is younger

than, about the same age, or older than each the Pleiades and the Hyades. This implies
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that one should be able to determine an age for a star by placing it in one of the following
five age bins (<100 Myr, ~100 Myr, 100-625 Myr, ~625 Myr, and > 625 Myr), with typical
uncertainties of one age bin. The estimated position of a fictitous K5 type star (V-K ~2.8)
with an intermediate age between the Pleiades and Hyades is also shown in Figure 5.1 (black
diamond). Then, using X-ray brightness (and broandband color) against those of Pleaides
and Hyades members, an age estimate for this star can be obtained as ~3007320 Myr.

An example of the benefit of additional clusters is shown in Figure 5.2. Plotted in the
figure are the same open clusters as before (the Pleiades and Hyades) along with open cluster
NGC 2516 (age ~150 Myr). With the inclusion of this new cluster, the number of age bins
increases from five to seven, thereby increasing the precision of the estimated age of a star.
Also plotted in Figure 5.2 is the same K5 star as in Figure 5.1. It can be seen in the
figure that the K5 star in question has the appearance of being more likely of the same
age as NGC 2516 than either the Pleiades or the Hyades. One can easily envision that the
inclusion of additional clusters, especially at well placed intervals, will increase the precision
even further. However, the addition of more clusters will result in increased overlap between
them, creating further difficulty when assigning an age to a star by visual inspection. Cluster
overlap in parameter space can come from multiple factors, including the inherent scatter
within a cluster, measurement errors, and the inclusion of non-members. For this reason,
a thorough stellar group membership evaluation is critical for age-parameter comparisons.
Taking the significant overlap among different clusters into account requires a statistical
analysis method (Section 5.3).

In order to append new clusters to the existing age-dating schematic, there are three
necessary tasks that must be undertaken. The first is to identify suitable supplementary
clusters that are rich, with well determined ages, and close to Earth. The proximity is
to ensure that many pertinent observational age-related characteristics are available for a

cluster. Many relevant clusters have already been the focus of in-depth studies providing rich

52



_2.0 T T T T

—-2.5}F :
-3.0F R
pe [ ]
— - [ ] -
735 ) ..
o L 2 °
3 —4.0f . . . oo :
g et oo o
—4.5F o ° .
9 ¢ e.'. .o‘.':.o .o‘.o .. o H ... o
o® .".. ... Q. o o ® [}
50 oa%B® & © o ° ° -
o P 0 o° ° ) .
“008 ° Pleiades
—5.5p ¢ e e Hyades
¢ K5 star
—69% 1.5 2.0 25 3.0 3.5

V-K
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photometric and spectroscopic data. An exhaustive literature search of clusters described in
the WEBDA online open cluster database as having more than 50 members and a distance
within 1000 pc identified several clusters appropriate for inclusion. Each of these clusters
is then queried with the SIMBAD astronomical database, where comprehensive reference
lists are provided. These are the primary bibliographic repositories used to extract cluster
properties. A secondary list of moving groups and associations was selected from Torres et
al. (2008). A list of all clusters, stellar associations, and moving groups that can potentially
be utilized for age-dating purposes is listed in Tables 5.1 and 5.2. Open clusters are used
as primary age calibrators since associations and moving group ages are hinged on those of
open clusters. Once their ages are well calibrated, associations and moving groups can act
as secondary age calibrators.

The second task is to systematically gather all age relevant data for selected clusters.
This step, while basic, is especially labor-intensive. Many cluster studies are focused on one
particular characteristic, such as X-ray luminosity or rotation rate. Therefore, in order to
gain a complete picture of the age characteristics for a specific cluster, data from different
studies must be culled and stored. The properties of each proposed member of a cluster
must be gathered as completely as possible, including age diagnostics as well as photometric
measurements. This task was performed for each cluster, moving group, and association in
Tables 5.1 and 5.2. While much of the age data necessary to implement a new cluster into
the current age-dating scheme is already available in the literature and existing catalogs,
the lack of positional information (right ascension and declination) or the use of inconsistent
identifiers from study to study can make source matching for each cluster a painstaking
process. For this reason, and for ease of access, a relational database system (MySQL) was
utilized for the storage of cluster data. Figure 5.3 shows the schematic diagram of the cluster
database. A reference summary for the data gathered for all clusters listed in Tables 5.1 and

5.2 is given in Appendix A. Photometric measurements from major photometric catalogs
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Table 5.1 Nearby Open Clusters

Name Distance Age Potential Members Available Data®
(pc) (Myr) E
NGC 2264 913 £ 40 ~3 1075 XLRVH
IC 348 ~310 2-3 288 XIRvH
NGC 2547 474 +41 385733 826 XIRvh
IC 2391 1449 £ 2.5 ~40 142 xLrVH
IC 4665 356 38 42 + 12 1772 xlrVH
IC 2602 148.6 + 2.0 4678 95 Xlrvh
a Per 1724 4+ 2.7 ~60 284 XLrVch
Pleiades 120.2 +1.9  ~120 1490 XLRVcH
Blanco 1 207 £12 132 4+ 24 314 XIVh
NGC 2516 343 4+ 12 ~150 1171 XIRV
M35 805 £ 40 ~150 360 xIRV
M7 270 + 12 ~220 136 XLVh
M34 ~470 ~220 273 xIRvh
Coma Ber 86.7 £0.9 500 =+ 50 222 xlrv
Praesepe 181.5 £ 6.0 578 4+ 12 1430 XLRVcH
Hyades ~46 625 £+ 50 724 XLRVch
NGC 752 ~450 1900 £ 200 266 x1V
M67 ~900 3700 + 300 676 xlrvC

*The availability of X-ray data, lithium measurements, rotational periods, vsini mea-
surements, Ca IT H& K measurements, and Ho measurements are labeled as x, 1, r, v, ¢,
and h, respectively. A cluster with any data at all will contain the corresponding letter in
the available data column. Capital letters indicate that there are more than 50 members
for which data is available, while bold capital letters indicate there are more than 100.
The references for the ages and distances to each cluster are given in Appendix A.
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Table 5.2 Moving Groups and Associations
Name Distance Age Potential Members Available Data®

(pc)  (Myr) #

Upper Sco 145 £ 2 ~5 536 XLrVcH
¢ Cha 90-120 ~6 24 xlrvh
n Cha ~97 617 18 xlrvh

TW Hya  30-90 ~8 47 xlrvh
UCL 140 £ 2 ~10 289 XLVcH
LCC 118 £20 ~10 304 XLcVH
0 Pic 10-80  ~12 81 XLrVch

Octans 80-200 ~20 15 xlrv

Columba  30-190 ~30 55 xlrvh

Tuc-Hor 20-120 ~30 116 XLrVcH
Carina  40-160 ~30 23 xlrvh
Argus 10-170  ~40 36 xlrvh

AB Dor 10-130 ~70 111 XLRVch

Car Near 20-50 ~200 17 xlvh

?The availability of X-ray data, lithium measurements, rotational periods, vsini mea-
surements, Ca II H& K measurements, and Ha measurements are labeled as x, I, r, v, ¢,
and h, respectively. A cluster with any data at all will contain the corresponding letter in
the available data column. Capital letters indicate that there are more than 50 members
for which data is available, while bold capital letters indicate there are more than 100.
The references for the ages and distances to each association and moving group are given
in Appendix A.
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Figure 5.3 Mysql database schematic for open clusters.

(e.g., Tycho-2, 2MASS, WISE, GALEX, IRAS, etc.) were also found and stored for each
cluster member.

The third task that must be performed is to evaluate membership for all input clusters
Interlopers can skew distributions of age-indices and need to be flagged. For some clusters,
a thorough membership evaluation has been performed (e.g. Blanco 1: Platais et al. 2011,
Hyades: Roser et al. 2011). In these instances, final member lists are taken from the liter-

ature as the cluster sample. For the clusters for which a comprehensive membership list is
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unavailable, all published candidate members are stored in the database, with membership to
be evaluated when time permits. Initially, the cluster comparison sample is made up of only
open clusters, not moving groups and associations. For open clusters, membership of each
star is more secure because it can be established fairly confidently based solely on positions
and proper motions. Cluster membership can be further evaluated based on color-magnitude
diagram (CMD) positions of potential cluster members. For clusters beyond 100 pc, each is
plotted on a CMD using the estimated distance to the cluster (see Appendix A). Outliers are
identified by visual inspection of each CMD. For each individual outlier, the photometry is
examined for potential misidentifications. If the photometry is genuine, outliers are flagged
as potential non-members within the database. Stars flagged in this way are not used for
further comparison sets. An example of outlier detection based on CMD position for the «
Persei cluster is shown in Figure 5.4.

For nearby moving groups and associations, membership must be evaluated on a star-by-
star basis utilizing kinematic and age considerations. As an example of how momentous of a
task comprehensive membership evaluation for a moving group is, a detailed examination of
potential members of the relatively small (member-wise) TW Hya Association is detailed in
the following section. This work appears in Schneider et al. (2012a). A similar examination

was performed for each other moving group and association in Table 5.2.

Membership of the TW Hydrae Association

Establishing the membership status of TWA is difficult. This is partly due to the overlap
with the Lower-Centaurus Crux (LCC) region of the Scorpius Centaurus complex (Sco-Cen).
Young stars found in this area can be difficult to place because the age of the LCC (~10-
20 Myr) is similar enough to that of TWA that youth indicators alone cannot distinguish
between the two. Typically, a distance measurement is relied upon to make the final dis-

tinction, because the LCC is generally further away than TWA (LCC ~120 pc; TWA ~50
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Figure 5.4 Color-magnitude diagram for the a Perseus cluster. Potential non-members based
on their CMD position are highlighted by orange boxes.
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pc). However, with the addition of new members, such as TWA 29 (d ~90 pc) and TWA 31
(d ~110 pc), the boundary between the LCC and TWA is becoming much more ambiguous,
providing evidence that TWA may indeed be the front edge of the LCC, as proposed by
Song et al. (2003). For the purposes of this work, a distance cut of 100 pc is chosen for the
identification of TWA members, acknowledging that this choice will need further revision if
more members are identified at intermediate distances.

A current summary of the properties of proposed TWA members is given in Table 5.3.
When more than one value for a property of a particular object is available, the most recent
measurement is used. A complete list of members is crucial when evaluating properties such
as excess fractions, age, and group velocities. Torres et al. (2008) evaluated the membership
of all proposed TWA members up to TWA designation 28 (including eight objects labeled
as secondaries to TWA members), with the exception of 4 possible members for which kine-
matical data was found to be lacking. By applying a convergence method to the remaining
32 stars, they found 6 to have a TWA membership probability of zero (15A, 17, 18, 19A,
19B, and 24), and I agree with this assessment based on the discrepant distances found for
these stars (d > 100) compared to those of members found to have a high probability of
membership (70 > d > 25). Of the remaining 26, two stars were categorized as unlikely
members (12 and 21), and two as possible members (6 and 14). A total of 22 stars were
found to be high probability members.

TWA 15B, TWA 22, TWA 23, and TWA 28 were the four possible members not evaluated
by Torres et al. (2008). As of this writing, TWA 15B still lacks the kinematical information
necessary to properly evaluate its membership, though its estimated distance (100 pc) from
Shkolnik et al. (2011) - inconsistent with known TWA members - leads me to label its status
as questionable. Teixeira et al. (2009) performed a thorough analysis of the kinematics
of TWA 22, but the results were somewhat inconclusive, thus, TWA 22 is retained as a

possible member. Shkolnik et al. (2011) reevaluate the kinematics of TWA 23 (found to be
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a spectroscopic binary), and show its UVW space motions are consistent with being a TWA
member. In a similar fashion as TWA 22, Teixeira et al. (2008) thoroughly evaluate the
membership of TWA 28 with high precision proper motion and parallax measurements, and
determine it is a true member of TWA.

Since the review of Torres et al. (2008), eight objects have been assigned TWA designa-
tions (11C, 29, 30A, 30B, 31, 32, 33, and 34). TWA 11C was discovered and determined to be
a member of TWA by Kastner et al. (2008) via its common proper motion to TWA 11AB and
strong lithium absorption and Ha emission confirming its youth. For TWA 29, first proposed
as a member by Looper et al. (2007), new proper motion values are determined in this work
based on its 2MASS and WISE positions. These new values, listed in Table 5.3, along with
its estimated distance, strong Ha emission, and position relative to other TWA members,
make its membership highly likely. TWA 30A and TWA 30B have been determined to be
highly likely members by Looper et al. (2010a) and Looper et al. (2010b), respectively. TWA
33 and TWA 34 were found based on the mid-IR excess emission, and share spectroscopic,
photometric, and kinematic properties with known members (see Chapter 3). Shkolnik et
al. (2011) show that proposed members TWA 31 and 32 share spectroscopic, photometric,
and kinematic properties with known members, thereby solidifying their membership. This
is definitely the case for TWA 32, with UVW space motions consistent with known TWA
members. For TWA 31, though, this is not so obvious.

Shkolnik et al. (2011) quote a photometric distance to TWA 31 of 110 pc, a distance
inconsistent with that of known members. Additionally, in their analysis, they compare the
UVW of TWA 31 to some stars with questionable membership, such as TWA 12, 14, and 22,
making the UVW for TWA 31 seem more reasonable than it should. The claim that TWA
31 is certainly too young to be an LCC member is valid when the LCC is assigned an age
of 16 Myr. However, if the LCC is younger (~10 Myr, as suggested by Song et al. 2012),

then the use of age indicators as a deciding factor for membership in TWA or the LCC is
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unsound. As mentioned above, this may be one of many possible objects between TWA and
the LCC that make a distinct boundary between the two unclear. TWA 31 is retained as
a possible member for this study because of the large uncertainty (~10%) in its distance
estimate.

In summary, of all stars with TWA designations, 32 bona-fidle TWA members, four
possible members, one questionable member, two unlikely members, and seven nonmembers
are found. This is displayed in Table 5.3 with the following symbols representing the various
designations: Y = true member, Y? = possible member, 7 = questionable member, N?

unlikely member, and N = nonmember.
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After membership is evaluated for each stellar group, properties are primed for compar-
ison. The properties of the selected groups in Tables 5.1 and 5.2 as a function of age and
spectral type are visually represented in two ways. Histograms are created for each diag-
nostic for each stellar group to highlight distributions of each property as a function of age,
and are shown in Figures 5.5 - 5.10. The histograms are organized in such a way as to show
increasing age from top to bottom first, then left to right. To highlight more specifically the
trends for each age-evaluator over time, average values for cluster properties as a function
of age are displayed in Figures 5.11 - 5.17. Average values in these figures are separated by

spectral type based on V-K colors in the following manner:

F: 0.5 < (V-K) < 1.3
G: 1.3 < (V-K) < 1.8
K: 1.8 < (V-K) < 4.0 .

A few valuable pieces of information can be gleaned from Figures 5.5 - 5.17. Figures 5.5
and 5.11 show that lithium equivalent widths decrease fairly predictably for K-type stars.
For G-type stars, a downward trend can be seen past 30 Myr, and distinguishing between
relative ages < 30 Myr is challenging. A trend for F-type stars is difficult to identify.

The fractional X-ray luminosities also show a decreasing trend for K-type stars in Figures
5.6 and 5.12. X-ray luminosities for G-type stars remain relatively constant until ~70 Myr,
then show a steady decrease. For F-type stars, X-ray luminosities show a steady decrease
from 10 to 600 Myr.

As seen in Figures 5.7 and 5.12, rotational velocity values (vsini) remain relatively con-
stant for K spectral types. While a general trend of decreasing vsin: values can be identified
for F- and G-type stars, uncertainties are large. The trends are also seen mostly for stars
with vsini values > 25 km s™! (only ~ 25% of the entire cluster sample with measured

vsini values falls within this range). Because of the large uncertainties of vsini distributions
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Figure 5.5 Histograms of lithium equivalent widths for solar-type stars from stellar groups
in this study. The blue histograms represent F-type stars, while the violet and orange
histograms represent G- and K-type stars, respectively.
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Figure 5.7 Histograms of vsini measurements for solar-type stars from stellar groups in this
study. The blue histograms represent F-type stars, while the violet and orange histograms
represent G- and K-type stars, respectively.
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Figure 5.8 Histograms of rotational periods for solar-type stars from stellar groups in this
study. The blue histograms represent F-type stars, while the violet and orange histograms
represent G- and K-type stars, respectively.
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Figure 5.9 Histograms of Ha equivalent widths for solar-type stars from stellar groups in this
study. The blue histograms represent F-type stars, while the violet and orange histograms
represent G- and K-type stars, respectively.
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Figure 5.10 Histograms of R i values for solar-type stars from stellar groups in this study.
The blue histograms represent F-type stars, while the violet and orange histograms represent

G- and K-type stars, respectively.
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Figure 5.11 The average LiA6708 equivalent widths as a function of age for stellar groups
in this study. The error bars correspond to the standard deviation of the measurements
contained within each spectral type bin for each stellar group.
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Figure 5.12 The average fractional X-ray luminosities as a function of age for stellar groups
in this study.
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Figure 5.13 Average vsini values as a function of age for stellar groups in this study.
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Figure 5.14 Average rotational periods as a function of age for stellar groups in this study.
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Figure 5.15 The average Ha equivalent width as a function of age for stellar groups in this
study.
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Figure 5.16 Average Rk values as a function of age for stellar groups in this study.
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Figure 5.17 Absolute K magnitudes as a function of age for stellar groups in this study.
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as a function of age, and the small range of applicable vsini values and spectral types for
which age information can be obtained, rotational velocities are not considered in the final
age-dating process.

Rotational periods for F-, G-, and K-type stars show little variation for ages < 300 Myr
(Figures 5.8 and 5.14). Because I am interested in determining ages for stars with ages
well-below this threshold, rotational periods are not used in the final estimation of stellar
ages.

Ha equivalent widths are also degenerate for F-, G- and K-type stars for all ages between
10 and 600 Myr (Figures 5.9 and 5.15). Clusters with ages < 10 Myr were not included in
Figure 5.15 because of the extremely large values in some cases due to active accretion. Ha
is also not used in the final age-dating analysis.

R'pk values are degenerate for F-type stars (Figures 5.10 and 5.16). For G-type stars,
values remain consistent until ~100 Myr, then drop considerably. For K-type stars, the
decreasing trend begins at an earlier age (~10 Myr). R’px values are used in the final
age-dating analysis, though for a limited range of V-K values.

Absolute K-magnitudes show a consistent decreasing trend for F-, G-, and K- spectral
types (Figure 5.17) until ages of ~100-200 Myr (when the main sequence is reached). Though
color-magnitude diagram relations are utilized to estimate final ages, caution must be taken
due of the ambiguity of stars which show elevated positions above the zero-age main sequence
(ZAMS). Stars with elevated positions could be either contracting toward the main sequence
(young) or evolving off of it (old). For this reason, in order for CMD positions to be utilized
to estimate stellar age, the star in question must also show additional signs of youth (such as
Lithium absorption or X-ray emission). CMD position alone is insufficient for determining
a stellar age.

Although wsinz values, rotational periods, and Ha equivalent widths are not to be used

in my final age estimation algorithm, these properties still have value as age indicators.
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Stellar rotation has been utilized quite extensively to determine stellar ages (Barnes 2007
and Mamajek & Hillenbrand 2008). Figure 5.14 shows that determining a stellar age for a
star from its rotational period alone can be inadequate, especially for stars with ages < 100
Myr. This is mainly due to the existence of the two sequences of stellar rotators (I and C - see
Section 2.4), and to stars transitioning from one sequence to the other. Gyrochronology does
show promise as a method to estimate the ages of ensembles of stars (Barnes 2003) because
the upper envelope of a stellar rotation sequence can be identified. For individual stars, it
is impractical to assume that their measured rotational periods belong on these sequences.
This is because the rotational period space underneath the upper envelope sequence defined
by an ensemble can be filled by stars belonging to that same group of coeval stars. For
this reason, ages for individual stars found using gyrochronology should be taken as upper
limits. Stars having long rotational periods are likely to be old, though old stars do not
necessarily have long rotational periods. Consequently vsini measurements are useful in a
similar way, though the degeneracy of an age-vsini correlation is compounded by the sinz
ambiguity. In general, solar-type stars with a large vsini are likely young, though young
stars are not mandated by a large vsini. In much the same way, Ha emission strengths can
be used for identifying young stars, for a similar statement can be made fairly confidently
about young star distributions of Ha measurements. That is, solar-type stars with strong
Ha emission are very likely young, but young solar-type stars do not necessarily show strong

Ha emission.

5.3 Age-Dating: A Statistical Approach

For many age diagnostics, current age-dating does not use a quantitative approach to de-
termine ages. Age indices are over-plotted against those of several known clusters, and ages

are estimated empirically. When the number of clusters is small (<5-6), an examination by
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Figure 5.18 Lithium equivalent widths for stars from all clusters in Tables 5.1 and 5.2. The
colors represent the literature ages given in Appendix A in Myr.

eye is possible. From the addition of new clusters to the current age-dating schema arose a
difficulty when attempting to apply the same techniques. The amount of overlap from newly
added clusters on the age evaluation figures made the assignation of an age based on visual
inspection impractical. As an example of the overlap seen when multiple stellar groups are
utilized, a plot of all stellar groups with lithium measurements from Table 5.1 and 5.2 is
displayed in Figure 5.18. A modern statistical method was found to be necessary.

Because stellar ages are determined via comparison with clusters of known ages with
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discrete age values, this problem is one of classification. The idea is fairly simple - armed
with the knowledge of cluster member properties for a variety of ages, to which age group
is a new star most likely to belong. And what are the probabilities of belonging to each
age group? While the idea is simple, developing a tool to address this problem is not.
Because there is significant overlap between the clusters for various properties, identifying
the classification scheme which works best is crucial.

Numerous classification schemes were evaluated in order to determine the most useful for
the sample of clusters. To identify potential classifiers, I first attempt to classify the simple
case of X-ray and lithium data for the Hyades and Pleiades clusters. The classification
methods tested are k-nearest neighbors (k-NN), linear support vector classification (LSVC),
support vector classification using a radial basis function (RSVC), a decision tree classifier
(DT), a random forest classifier (RF), a naive Bayes gaussian (GNB), a linear discriminant
analysis (LDA), and a quadratic discriminant analysis (QDA). These classification schemes
were implemented using Python programming language package Scikit-learn (Pedregosa et
al. 2011).

To evaluate the effectiveness of each of the above techniques, each method is scored by
separating each cluster into training and testing sets. The training set consists of sixty
percent of the members of each cluster, randomly selected. The test set consists of the other
forty percent of the sample. For each classifier, boundaries are defined that will separate
stars as belonging to each of the two training sets (either the Pleiades or Hyades sample).
Then, each member of the test set is classified as either a Hyades or Pleiades members based
upon the boundaries outlined by the training set for each classifier. Scores are based on the
number of members that are classified into the correct group. For example, if a classifier
gets a score of 70, then it correctly classified 70 percent of the test set.

The k-nearest neighbors algorithm (k-NN) classifies by identifying the closest training

data points within the space being examined. For a test sample, the Euclidean distance
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is calculated for each member of the comparison data set. The k value determines how
many training data points are selected. The test sample is then classified into the training
set that is most common amongst its k nearest neighbors. While this method works very
well for two clusters, accuracy can decrease substantially when additional clusters are added
because classes with more members will tend to be predicted more often. A figure showing
the classification surfaces using a k-NN classifier on Pleiades and Hyades lithium and X-ray
data is displayed in Figure 5.19.

Support vector classification (SVC) finds the optimal hyperplane that separates classes
of training samples. Test samples are then classified based on which side of the hyperplane
they fall. The linear support vector classification algorithm attempts to identify a linear
boundary between each class (Cortes & Vapnik 1995). For the case of two classes, training

points are defined as:

eRli=1,....n (5.1)

with a vector y; € R" such that y; = 1 if z; in class 1, and y; = -1 if z; in class 2. SVCs
will then identify the hyperplane with the largest margin, where the margin is defined as the
shortest perpendicular distance separating the boundary from the closest positive or negative
data point. A figure showing the classification surfaces using a LSVC classifier on Pleiades
and Hyades lithium and X-ray data is displayed in Figure 5.19.

Alternatively, one can use what is called a kernel function to define a non-linear boundary.

A radial basis function is one such kernel function that can be used. The radial basis function

kernel (K) is defined by (Hsu et al. 2003) as:

K = e lzi—2l% (5.2)

A figure showing the classification surfaces using RSVC classifier on Pleiades and Hyades
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Figure 5.19 Classifier evaluation for the Pleiades and Hyades clusters using the k-nearest
neighbors and linear support vector classification algorithms for lithium and X-ray data. The
leftmost plots show the entire sample, which consists of the training and test sets (Pleiades in
red and Hyades in blue). Solid symbols represent the training sets, while semi-transparent
symbols represent the test sets. The contours in the middle and right hand plots show
the decision surfaces created for each sample (colors of contours scales with classification
probability). Scores are indicated in the bottom right hand corners of each plot.
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Figure 5.20 Same as Figure 5.19 for the radial basis function support vector classification
and decision tree classifier algorithms.

lithium and X-ray data is displayed in Figure 5.20.

A decision tree classifier algorithm uses a decision tree in order to determine an item’s
target value. Decision trees consist of various nodes (parent, child, and leaf). Simple decision
rules are created based upon the data features of the training set. A decision tree classifier
will create multiple decision surfaces such that samples of the same class are categorized
together (Breiman 2001). A test sample is input into the decision tree constructed from the
training set, and classified based on which leaf node it finally rests upon. A figure showing
the classification surfaces using a decision tree classifier on Pleiades and Hyades lithium and
X-ray data is displayed in Figure 5.20. The random forest classifier algorithm is an extension
of the decision tree classifier which introduces randomness in the classifier construction. This

method creates a multitude of decision trees for the training set, then uses a majority vote
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Figure 5.21 Same as Figure 5.19 for the random forest and naive Bayes algorithms.

of the trees to determine the class of the input sample. A figure showing the classification
surfaces using a random forest classifier on Pleiades and Hyades lithium and X-ray data is
displayed in Figure 5.21.

The naive Bayes gaussian algorithm applies Bayes’ theorem under the assumption of
independence between every pair of features where the likelihood of each feature is assumed

to be Gaussian. Bayes’ theorem states:

P(x1,...,2,]y)

P(xy,...,2,) (5:3)

P(y|zy,...,z,) = P(y)

for a class y and vectors x; through z,,. If features are assumed to be Gaussian, the likelihood

for each feature becomes:
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P(zily) = ! Qexp(—w) (5.4)

2
27T0'y 27T0'y

which is parameterized by pu, and 05, the mean and standard deviations of the sample.
A figure showing the classification surfaces using a Naive Bayes classifier on Pleiades and
Hyades lithium and X-ray data is displayed in Figure 5.21.

Linear discriminant analysis classification, first described by Fischer (1936), finds the line
for which the projections of the training set sample onto that line are most separated. The
boundaries between classes are constructed to maximize the distance between the samples.
The distributions of the training sets are assumed to be normally distributed, and a hy-
perplane is constructed. Similarly, the quadratic discriminant analysis algorithm attempts
to find a quadratic boundary. A figure showing the classification surfaces using linear and
quadratic discriminant analysis classifiers on Pleiades and Hyades lithium and X-ray data is
displayed in Figure 5.22.

The Scikit-learn suite of programs contains a function that will determine the optimum
parameters for a given algorithm and sample. For each classification scheme, a grid is
constructed in such a way as to determine the maximum score possible for a set of several
parameters. This process is represented graphically by a so-called ‘heat map’. A heat map
for the gamma and C parameters of the radial basis function support vector classification
method is shown in Figure 5.23. For this example, the gamma parameter defines the reach
of influence for each training set, where a large gamma will move the RSVC closer to a linear
classifier. The C parameter defines the simplicity of the training surface by allowing for the
tolerance of errors. A small C value will allow for a larger margin between classes, allowing
for more samples from the training set to be ignored as mislabeled. Conversely, a large C
value will define a smaller margin, attempting to correctly classify mislabeled samples. The

heat map represents the corresponding classification score for each value of each parameter.
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Figure 5.22 Same as Figure 5.19 for the linear discriminant analysis and quadratic discrimi-
nant analysis algorithms.
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Figure 5.23 Heat map for the gamma and C parameters of the radial basis function support
vector classification algorithm.

Once an initial heat map is generated using a large grid spacing, successive iterations with
a finer scale can pinpoint the most efficient parameters for each classification. This task was
performed for each classification scheme in order to properly compare the effectiveness of
each. Once optimum parameters are chosen, X-ray and lithium data for the Pleiades and
Hyades clusters are classified using each method.

The classification scores see dramatic changes as more clusters are added as training sets.

While more clusters can give a larger range of potential ages, the significant overlap between
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Table 5.4. Classification Algorithm Scores: Pleiades and Hyades

Data kNN LSVC RSVC DT RF GNB LDA QDA

Lithium 091 0.68 0.90 0.90 0.91 0.89 0.80 0.90
X-ray 083 0.77 086 0.800.83 0.67 0.85 0.85

Table 5.5. Classification Algorithm Scores: Entire Cluster Sample

Data k-NN LSVC RSVC DT RF GNB LDA QDA

Lithium 0.32  0.30 0.39 0.34 0.37 0.35 0.28 0.37
X-ray 033 032 041 0380.39 031 0.37 0.37

the clusters will reduce the scores. To evaluate which method of classification is best suited
for the cluster sample, the score of each method is recorded for each algorithm as it attempts
to correctly classify the complete sample of comparison clusters of various ages for lithium
and X-ray data, respectively. Each method is scored 1000 times, and the average scores are
compared to identify the most efficient method of classification for the age-dating cluster
sample. The results of this test for the Pleiades and Hyades lithium and X-ray samples are
given in Table 5.4. The results of this test for the complete sample of open clusters used for
age-dating comparisons are given in Table 5.5.

As seen in Table 5.5, the radial basis function support vector classification algorithm
returned the highest scores for both lithium and X-ray data. Not only did the RSVC return
the highest scores, but also showed reasonable classification surfaces (Figure 5.20), while

many of the other methods attempt to create unphysical boundaries. Therefore, the RSVC
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classification scheme is the chosen method for age-dating classification in this work.

Once the RSVC algorithm was selected as the most efficient classification algorithm,
age-dating routines for each age-dating method were created. There are several steps taken
with each age diagnostic used in this work (Lithium absorption, position on a CMD, X-ray
emission, and Ca II H & K indices) to create an age-dating routine. First, a program is
created to select the appropriate stellar groups suitable to be used as training sets for each
diagnostic (see Tables 5.1 and 5.2). Not only will the RSVC scheme classify each star into
the most likely stellar group, it will also determine the probability of belonging to each.
Therefore, for each star that is to be individually age-dated, single parameter ages can be

calculated using the following formula for the weighted mean (Bevington & Robinson 2003):
S
2w

where i is the ith cluster, a; is the age of the ith cluster, and w; is the probability of belonging

age = (5.5)

the ith cluster. The uncertainty is then calculated with the following (Bevington & Robinson

2003):

Z(ai — age)*w;
o = (5.6)

age
2w
7

Diagnostic ages for each cluster are found by calculating the weighted average of indi-

vidual star ages for each diagnostic. Outliers are flagged using robust statistics (Hoaglin et
al. 1983), and the inverse of the square of the uncertainties are used as weights for each age

(Bevington & Robinson 2003):
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E age;w;
S
2w

i

where i is the ith age diagnostic, age; is the age determined via from the ith age diagnostic,

age final = (5.7)

and w; = 021 . The uncertainty for each age is then calculated with the following (Bevington

age;

& Robinson 2003):

Z(ai - agefinal)zwi
azge = (5.8)

2w
i

After moving groups and associations are added to the final training sets, the ages of

every suitable group of stars from Tables 5.1 and 5.2 is evaluated. These ages are then
compared to the quoted ages in order to evaluate each diagnostics age-dating effectiveness.
The results for each diagnostic are displayed in Figures 5.24 - 5.27.

Figures 5.24 - 5.27 show that age dating using such a statistical scheme is consistent
(within the uncertainties) with the quoted ages from the literature. Precise ages found using
this new age-dating procedure will be critical for the preparation of targets for the Gemini

Planet Imager (see Chapter 6).
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Figure 5.24 A comparison of the CMD ages derived from this statistical age-dating scheme
with the quoted ages from the literature for stellar groups with ages < 200 Myr from Tables
5.1 and 5.2. The dashed black line indicates the boundary of where the quoted age = the age
derived from the CMD. The dashed purple line is the linear weighted best fit to the CMD

derived ages.
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Figure 5.25 A comparison of the Ca II H & K derived ages with the quoted ages from the
literature for stellar groups from Tables 5.1 and 5.2 with available Ca II H & K data. The
dashed black line indicates the boundary of where the quoted age = the age derived from
Ca II H & K. The dashed light blue line is the linear weighted best fit to the Ca II H & K

derived ages.
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Figure 5.26 A comparison of the X-ray derived ages with the quoted ages from the literature
for stellar groups from Tables 5.1 and 5.2. The dashed black line indicates the boundary of
where the quoted age = the X-ray derived age. The dashed red line is the linear weighted
best fit to the X-ray derived ages.
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Figure 5.27 A comparison of the Lithium derived ages with the quoted ages from the literature
for stellar groups from Tables 5.1 and 5.2. The dashed black line indicates the boundary of
where the quoted age = the Lithium derived age. The dashed blue line is the linear weighted
best fit to the Lithium derived ages.
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Chapter 6

Applications and Future Work

6.1 Target Preparation for the Gemini Planet Imager

A specific example of the benefits of having a unified age-dating scheme are the identification
of nearby young stars and target preparation and analysis of stars for the Gemini Planet
Imager.

The Gemini Planet Imager (GPI: PI - Bruce Macintosh) is one of the next-generation,
state of the art, exoplanet imaging cameras being built and will be part of a global competi-
tion (VLT-SPHERE (Europe), Subaru-SEEDS (Japan)) of dedicated, expensive campaigns
to image unexplored exoplanet territory around nearby stars. These new cameras have the
distinct goal of using novel direct imaging techniques to help form a more complete picture of
how planets form and evolve. Indirect methods of exoplanet detection (Doppler and transit),
while powerful, cannot access the same discovery space as GPI. Doppler and transit methods
require the completion of a full planetary orbit or more, rendering the detection of a planet
with a large semi-major axis impractical due to Kepler’s third law. Only direct imaging can
probe from the “snow line”, where core accretion is likely most effective (5 AU), through

the planetary migration zone, out to where disks are likely to be subject to instabilities that
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may form planets directly (50 AU). Direct imaging has already produced some remarkable
results (Marois et al. 2008, Kalas et al. 2008, Lagrange et al. 2010, and Carson et al. 2013),
but such successes have been achieved in isolation, telling us little about the underlying
properties of Jovian planetary systems. For GPI, the only way to obtain robust and reliable
statistical results is through a large-scale survey. This was the driving motivation behind
the spectroscopic survey for young, nearby stars presented in Chapter 4. The distribution of
GPI targets before and after the completion of said spectroscopic survey are given in Figures
6.1 and 6.2.

GPI consists of five essential components - an adaptive optics (AO) system, a coron-
agraph, an interferometer, an integral field spectrograph, and a software system. These
components are described in detail in McBride et al. (2011). McBride et al. (2011) also
provide a formula for planet detection probabilities for GPI target stars. The detection

probability is given as:

where t is the star’s age, d is its distance, and M is its mass. This formula emphasizes that
the stellar age is the most important factor when considering planet detection probabilities.
This formula is the driving force behind GPI target prioritization, and stellar ages will play
a key role in determining planet detection probabilities.

For every solar-type GPIES target, ages are estimated using the revised age-dating al-
gorithm outlined in Chapter 5. Figure 6.3 shows a comparison of previous GPI ages with
the ages derived in this work via cumulative histograms. As seen in the figure, the total
number of stars with estimated ages < 600 Myr is exactly the same for each sample. The
age distributions for stars with estimated ages < 50 Myr are similar, while for ages > 50
Myr, the distributions deviate. These deviations are due to the age binning from previous

age estimations methods, which leave large age gaps (e.g. 125 - 300 Myr and 300 - 600
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Figure 6.1 The distribution of GPI targets before the addition of targets from the spectro-
scopic survey of Chapter 4. The symbol size represents the distance to the target, while the
color corresponds to the age of the star as determined by the algorithm created in Chapter

d.
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Figure 6.2 The distribution of GPI targets after the addition of targets from the spectroscopic
survey of Chapter 4. The symbol size represents the distance to the target, while the color
corresponds to the age of the star as determined by the algorithm created in Chapter 5.
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Figure 6.3 Cumulative for ages of GPI targets determined previously by age binning methods
(red line), and ages determined in this work by the methods outlined in Chapter 5 (black
line).

Myr). Ages derived in this work are more likely to represent the true age distribution of
the GPI target sample. Statistically determined ages will significantly improve the target

prioritization strategy, and be critical for the analyzation of GPI results.
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6.2 Debris Disks

The Wide-field Infrared Survey Explorer (WISE) all-sky survey presents an unprecedented
opportunity to explore nearby stars for excess emission at infrared wavelengths indicative of
dusty circumstellar disks. While the WISE all-sky survey is an excellent tool for identifying
infrared excess around nearby stars, in order to fully interpret these new discoveries, each
star will need additional characterization. Foremost, stars with detected IR-excess need to be
reliably age-dated. To form a robust picture of debris disk evolution, reliable ages of debris
disk host stars are essential. WISE has already been used to add significantly to the pool of
nearby stars with IR-excess (Schneider et al. 2012a, Schneider et al. 2012b, Zuckerman et al.
2011) and is expected to produce additional IR-excess discoveries in the hundreds (Padgett
et al. 2013). Age-dating such a large number of stars will be a tremendous undertaking, but
is absolutely vital to maximize the scientific result of the large-scale survey of nearby stars
with IR-excess. To understand how planetesimals and, by extrapolation, young planetary
systems are related to the properties of their host stars, characterization of new IR-excess

stars is absolutely paramount.

6.3 Calibration of A-type Star Ages

For early-type stars, which evolve off the main sequence rapidly, ages are typically derived
from their location on a color-magnitude diagram (CMD) either with sets of theoretical
isochrones or with empirically determined color-magnitude relations for coeval groupings
of stars. Because age-dating methods for early-type stars and late-type stars are generally
uncoupled, there can be a large systematic error between ages of these two groups of stars.
Therefore, the most pressing need in age-dating of early-type stars is the cross-calibration
of age-dating against results from FGK stars. Unless an early-type star is a member of a

cluster or a moving group, its age can only be effectively estimated from its CMD position.
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The importance of early-type stars in young star and planet science can be glimpsed from
the fact that all three currently imaged exoplanets are all around early type stars (Marois
et al. 2008, Kalas et al. 2008, & Lagrange et al. 2010).

Because ages of A-type stars can only be reasonably estimated based on CMD locations,
we need to cross-calibrate ages of A-type stars against those from FGK stars (based on the
new age-dating method described in Chapter 5). A-type stars with lower mass companions
present a rare opportunity to apply two independent age estimates to a coeval system of stars.
A volume limited (d<75 pc) survey for companions to A-type stars using high resolution
adaptive optics observations was completed by De Rosa et al. (2011). Within this sample,
a set of late-type (FGKM) secondaries are available for which the angular separations with
their respective host stars are sufficiently large enough to be resolved without image compen-
sations. In addition, catalogs such as the Catalog of Components of Double & Multiple stars
(CCDM: Dommanget & Nys 2002) can be inspected for A-type stars with late-type wide
separation companions, though in these cases, common proper motion must be confirmed
because many visual doubles are included. A cursory investigation of CCDM reveals ~20
additional A-stars with later type companions that exhibit common proper motion indicative
of a coeval origin.

An additional companion search can be carried out with existing data. Utilizing positional
data from the Two Micron All-Sky Survey (2MASS) and the Wide-field Infrared Survey
explorer, companions can be detected by their common proper motion. WISE astrometric
precision is quoted as better than 0.”2 for any source with WISE channel 1 magnitude <
12.5. Nearby Hipparcos stars, all with WISE channel 1 magnitudes in this regime, can
be used as a target sample to identify suitable co-moving companions for age-calibration.
Any Hipparcos stars with total proper motion > 100 mas yr—! will be discernible from the
near zero proper motion of background objects at a 50 level considering the ~10 year time

baseline between the WISE and 2MASS observations. There are ~600 stars with B-V colors
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consistent with A and early F spectral types with total proper motions above this threshold.
Figure 6.4 displays the applicability of this approach with Hipparcos A-star HIP 117452
(d~42 pc, total proper motion ~145 mas yr~!) and its known K-type companion HD 22340.
As seen in the figure, HIP 117452 and its co-moving companion are clearly distinguishable
from the relative motion of background objects. Any companions found with this method
can be observed spectroscopically. Age diagnostics of the lower mass secondaries (previously
outlined in Section 5.3) can be used to test the isochrone derived ages of A-type stars.

As a test case, data were gathered from the literature for TW Hydrae association member
HR 4796A and its known M2.5 companion, HR 4796B. The position of HR 4796A on a CMD
indicates a very young age of ~10 Myr. Observations of age indicators for the companion, HR
4796B, including Ha and wvsini from Scholz et al. (2007), and Li measurements from Mentuch
et al. (2008) and da Silva et al. (2009), show remarkable agreement with HR 4796A, again
indicating an age of ~10 Myr. Additional observations of complimentary systems at various

ages will thoroughly evaluate the reliability of isochrone derived ages for A-type stars.

6.4 Future Prospects in Solar-type Age-Dating: Aster-
oseismology

Asterosiesmology shows much promise as an additional method of determining the precise
ages of solar-type stars. Through asterosiesmololgy, oscillation periods are studied in order
to extract information regarding the internal structure of stars. Comparisons of a star’s
oscillation spectrum to predictions of stellar models can return many fundamental stellar
properties, such as mass, radius, and age. Such oscillations can be observed in either varied
velocities from spectroscopy or variations in intensity from photometry. In an era when
the precision of radial velocity and photometric measurements are deliberately tuned to

find smaller and smaller variations (largely in the hunt for extrasolar planets), instruments
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Figure 6.4 Positional offsets between WISE and 2MASS for sources within 10" of HIP 117452.
HIP 117542 and its co-moving companion are represented by red symbols and background
reference stars are black symbols. Concentric circles represent the 1 and 30 uncertainty in
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available for asterosiesmology are becoming more readily available (i.e., the Kepler Mission;

Chaplin et al. 2010).
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Chapter 7

Conclusion

The intent of this work is to identify young, nearby stars and develop a unified, self-consistent
age-dating scheme that will provide a reliable age estimate with a formal uncertainty for
young and adolescent (from ~5 to ~600 Myr) solar-type field stars.

A new method of identifying young, nearby, late-type stars by means of their circumstellar
disks was utilized to identify two new members of the TW Hya Association (TWA 33 and
TWA 34), and the first evidence of a circumstellar disk around the Lower-Centaurus Crux
member 2M1337. This method of young, late-type star identification is currently being
expanded to the rest of the sky, and will aid in the understanding of circumstellar disk
evolution.

New young solar-type stars have been initially selected via their fractional X-ray luminos-
ity, and are confirmed by measurements of various age diagnostics with optical spectroscopy.
This list of new young stars is combined with the SACY catalog (Torres et al. 2006) and
young star survey of Song, I. Zuckermen, B., & Bessell, M. to generate the most comprehen-
sive list of nearby, young, solar-type stars to date.

Compared to the best current method based on relative age ordering, the new age-

dating scheme I created for solar-type stars provides better age precision for a typical star,
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particularly for stars with intermediate ages (100 - 500 Myr). This was achieved by more
than doubling the number of open clusters that are used as primary age calibrators and
employing an ensemble based statistical method in a systematic way.

With the improved age estimate precision, more detailed studies of various temporal
phenomena in the field of young stars and planets is possible. For example, the temporal
change of circumstellar material can be traced, which may aid in determining the dominant
dust replenishment mechanism from several proposed possibilities (e.g., late-heavy bom-
bardment, episodic massive collision among planetesimals or planets, gradual grinding in
the cometary /asteroid belt, etc.). Improved age estimates will allow us to pinpoint the mass
of directly imaged exoplanets which, in turn, will decisively select a correct model of planet
formation between “hot start” and “cold start” models. The unified age-dating method
based on empirical distributions of various age-evaluators can be eventually tied to a more
fundamental age-dating method such as asteroseismology. Such a comparison will provide
crucial constraints on stellar evolution models.

Age is one of the most important, fundamental physical stellar parameters and is tied
to almost every field of stellar astronomy. The development of an algorithm for improved
stellar age-dating will have a significant impact on any study where the precise knowledge

of age is of value.
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Appendix A

Cluster Reference Summary

A.1 The AB Doradus Moving Group

The age of the AB Doradus Moving Group is most commonly quoted as 70 Myr (Torres et al.
2008). Distances to individual members range from 10-130 pc (Torres et al. 2008). Members
of this cluster were extracted from Zuckerman et al. (2004), Lopez-Santiago et al. (2006),
Makarov (2007), Torres et al. (2008), da Silva et al. (2009), Viana Almeida et al. (2009),
Schlieder et al. (2010), and Zuckerman et al. (2011). X-ray data were taken from this work.
Lithium data were taken from Zuckerman et al. (2004), Torres et al. (2006), Lépez-Santiago
et al. (2006), Fernandez et al. (2008), Mentuch et al. (2008), da Silva et al. (2009), and Weise
et al. (2010). Rotational periods were taken from Pojmanski (1997), Pandey et al. (2005),
Watson et al. (2006), and Messina et al. (2010). Ha data were taken from Zuckerman et al.

(2004), and Torres et al. (2006).
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A.2 « Perseus

The age of the « Perseus cluster is most commonly quoted as 60 Myr (see discussion in
Zuckerman et al. 2012). The distance is estimated to be 172.4 4+ 2.7 pc (van Leeuwen 2009).
Members of this cluster were extracted from Randich et al. (1996), Randich et al. (1998),
Mermilliod et al. (2008), Jackson & Jeffries (2010a), Balachandran et al. (2011), Christian et
al. (2011), and Zuckerman et al. (2012). X-ray data were taken from Randich et al. (1996),
Prosser et al. (1996), Randich et al. (1998), Patience et al. (2002), and Christian et al. (2011).
Lithium data were taken from Balachandran et al. (2011). Rotational periods were taken
from Watson et al. (2006) and Jackson & Jeffries (2010a). Ha data were taken from Prosser

(1992).

A.3 The Argus Association

The age of the Argus association is most commonly quoted as 40 Myr (Torres et al. 2008).
Distances to individual members range from 10-170 pc (Torres et al. 2008, Zuckerman et
al. 2011). Members of this cluster were extracted from Torres et al. (2008), Messina et al.
(2011), and Zuckerman et al. (2011). X-ray data were taken from this work. Lithium data
were taken from da Silva et al. (2009). Rotational periods were taken from Pojmanski (1997),

Watson et al. (2006), and Messina et al. (2011). There are no available Ha data.

A.4 The 3 Pictoris Moving Group

The age of the 3 Pictoris Moving Group is most commonly quoted as 12 Myr. This age is
derived from kinematic traceback of known members (Song et al. 2003). Distances to indi-
vidual members range from 10-80 pc (Zuckerman et al. 2001b, Torres et al. 2008). Members

of this cluster were extracted from Zuckerman et al. (2001b), Song et al. (2002), Song et al.
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(2003), Kaisler et al. (2004), Zuckerman & Song (2004), Moér et al. (2006), Torres et al.
(2006), Makarov (2007), Scholz et al. (2007), Torres et al. (2008), Lépine & Simon (2009),
Rice et al. (2010), Schlieder et al. (2010), Kiss et al. (2011), Schlieder et al. (2012a), and
Schlieder et al. (2012b). X-ray data were taken from Zuckerman et al. (2001b), De la Reza &
Pinzén (2004), Kiss et al. (2011), and this work. Lithium data were taken from Zuckerman
et al. (2001b), Song et al. (2002), Song et al. (2003), Kaisler et al. (2004), Torres et al.
(2006), Fernandez et al. (2008), Mentuch et al. (2008), da Silva et al. (2009), Weise et al.
(2010), Kiss et al. (2011), and McCarthy & White (2012). Rotational periods were taken
from Pojmanski (1997), Watson et al. (2006), and Messina et al. (2010). Ha data were taken
from Zuckerman et al. (2001b), Song et al. (2002), Song et al. (2003), Kaisler et al. (2004),
Jayawardhana et al. (2006), Scholz et al. (2007), Lépine & Simon (2009), Weise et al. (2010),
Kiss et al. (2011), and McCarthy & White (2012).

A.5 Blanco 1

The age of Blanco 1 is most commonly quoted as 132 £+ 24 Myr (Cargile et al. 2010b). The
distance is estimated to be 207 £ 12 pc (van Leeuwen 2009). Members of this cluster were
extracted from Platais et al. (2011). X-ray data were taken from Pillitteri et al. (2004),
Cargile et al. (2009), and Stauffer et al. (2010). Lithium data were taken from Panagi &
O’Dell (1997) and Jeffries & James (1999). There are no available rotational periods. Ha
data were taken from Panagi & O’Dell (1997) and Cargile et al. (2009).

A.6 The Carina Association

The age of the Carina association is most commonly quoted as 30 Myr (Torres et al. 2008).

Distances to individual members range from 40-160 pc (Torres et al. 2008). Members of
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this cluster were extracted from Torres et al. (2008). X-ray data were taken from this work.
Lithium data were taken from da Silva et al. (2009). Rotational periods were taken from
Pojmanski (1997), Watson et al. (2006), and Messina et al. (2010). There are no available

Ha data.

A.7 Carina Near

The age of Carina Near is most commonly quoted as 200 Myr (Zuckerman et al. 2006).
Distances to individual members range from 20-50 pc (Zuckerman et al. 2006). Members of
this cluster were extracted from Zuckerman et al. (2006). X-ray data, lithium data, and Ha
data were taken from Zuckerman et al. (2006). Rotational periods were taken from Watson

et al. (2006).

A.8 Columba

The age of the Columba association is most commonly quoted as 30 Myr (Torres et al. 2008).
Distances to individual members range from 30-190 pc (Torres et al. 2008). Members of this
cluster were extracted from Torres et al. (2008) and Zuckerman et al. (2011). X-ray data
were taken from Zuckerman et al. (2011). Lithium data were taken from da Silva et al.
(2009) and Zuckerman et al. (2011). Rotational periods were taken from Pojmanski (1997),

Watson et al. (2006), and Messina et al. (2010). There are no available Ha data.

A.9 Coma Berenices

The age of the Coma Berenices cluster is most commonly quoted as 500 & 50 Myr (Odenkirchen
et al. 1998). The distance is estimated to be 86.7 £ 0.9 pc (van Leeuwen 2009). Members of

this cluster were extracted from Casewell et al. (2006), Kraus & Hillenbrand (2007b), and
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Cameron et al. (2009). Lithium data were taken from Soderblom et al. (1990) and Ford et
al. (2001). Rotational periods were taken from Pojmanski (1997), Watson et al. (2006), and

Cameron et al. (2009). There are no available X-ray or Ha data.

A.10 € Chamaeleontis

The age of the ¢ Chamaeleontis association is most commonly quoted as 6 Myr (Torres
et al. 2008). Distances to individual members range from 90-120 pc (Torres et al. 2008).
Members of this cluster were extracted from Torres et al. (2008). X-ray data were taken
from this work. Lithium data were taken from da Silva et al. (2009). Rotational periods
were taken from Pojmanski (1997), Watson et al. (2006), and Messina et al. (2011). There

are no available Ho data.

A.11 7 Chamaeleontis

The age of the n Chamaeleontis association is most commonly quoted as 677 Myr (Luhman
& Steeghs 2004). The distance is estimated to be ~97 pc (Mamajek et al. 1999). Members of
this cluster were extracted from Torres et al. (2008). X-ray data were taken from Mamajek
et al. (1999). Lithium data were taken from Mamajek et al. (1999), Lyo et al. (2004), and
Mentuch et al. (2008). Rotational periods were taken from Pojmanski (1997), Watson et al.
(2006), Lawson et al. (2001), and Messina et al. (2011). Ha data were taken from Mamajek
et al. (1999) and Lyo et al. (2004).

A.12 Hyades

The age of the Hyades cluster is most commonly quoted as 625 £ 50 Myr (Perryman et

al. 1998). The distance is estimated to be ~46 pc (Perryman et al. 1998). Members of
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this cluster were extracted from Roser et al. (2011). X-ray data were taken from Stern et al.
(1995), Stauffer et al. (1997), Pizzolato et al. (2003), and Zuckerman & Song (2004). Lithium
data were taken from Soderblom et al. (1990) and Sestito & Randich (2005). Rotational
periods were taken from Pojmanski (1997), Pizzolato et al. (2003), Zuckerman & Song (2004),
Watson et al. (2006), and Delorme et al. (2011). Ha data were taken from Stauffer et al.

(1997) and Zuckerman & Song (2004).

A.13 1IC 348

The age of IC 348 is most commonly quoted as 2-3 Myr (Herbig 1998). The distance
is estimated to be ~310 pc (Herbig 1998). Members of this cluster were extracted from
Luhman et al. (2003), Muench et al. (2007), and Alves de Oliveira et al. (2013). X-ray data
were taken from Preibisch & Zinnecker (2001), Preibisch & Zinnecker (2004), Alexander &
Preibisch (2012), and Stelzer et al. (2012). Lithium data were taken from Dahm (2008b).
Rotational periods were taken from Kiziloglu et al. (2005), Cieza & Baliber (2006), and
Alexander & Preibisch (2012). Ha data were taken from Preibisch & Zinnecker (2002),
Luhman et al. (2003), and Dahm (2008b).

A.14 IC 2391

The age of IC 2391 is most commonly quoted as 40 Myr (Torres et al. 2008). The distance is
estimated to be 144.9 4+ 2.5 pc (van Leeuwen 2009). Members of this cluster were extracted
from Barrado Y Navascués et al. (2004) and Platais et al. (2007). X-ray data were taken
from Patten & Simon (1996), Pizzolato et al. (2003), Siegler et al. (2007), and Marsden et
al. (2009). Lithium data were taken from Barrado Y Navascués et al. (2004), Platais et

al. (2007), Siegler et al. (2007), and da Silva et al. (2009). Rotational periods were taken
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from Pizzolato et al. (2003), Watson et al. (2006), Marsden et al. (2009), and Messina et
al. (2011). Ha data were taken from Barrado Y Navascués et al. (2004) and Platais et al.

(2007).

A.15 1IC 2602

The age of IC 2602 is most commonly quoted as 467¢ Myr (Dobbie et al. 2010). The distance
is estimated to be 148.6 £ 2.0 pc (van Leeuwen 2009). Members of this cluster were extracted
from Randich et al. (1995), Randich et al. (2001), and Dobbie et al. (2010). X-ray data were
taken from Randich et al. (1995), Barnes et al. (1999), Pizzolato et al. (2003), and Marsden
et al. (2009). Lithium data were taken from Randich et al. (1997), Randich et al. (2001),
and Dobbie et al. (2010). Rotational periods were taken from Barnes et al. (1999), Pizzolato
et al. (2003), Watson et al. (2006), and Marsden et al. (2009). Ha data were taken from
Randich et al. (1997).

A.16 IC 4665

The age of IC 4665 is most commonly quoted as 42 + 12 Myr (Cargile et al. 2010a). The
distance is estimated to be 356 £ 38 pc (van Leeuwen 2009). Members of this cluster were
extracted from Jeffries et al. (2009) and Lodieu et al. (2011b). X-ray data were taken from
Giampapa et al. (1998). Lithium data were taken from Martin & Montes (1997), Manzi et
al. (2008), and Jeffries et al. (2009). Rotational periods were taken from Pojmanski (1997),
Watson et al. (2006), and Scholz et al. (2009). Ha data were taken from Martin & Montes
(1997) and Jeffries et al. (2009).
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A.17 Lower Centaurus Crux

Recent work by Song et al. (2012) indicate an age for the Lower Centaurus Crux region of
~10 Myr. The distance is estimated to be 118 4+ 20 pc (De Zeeuw et al. 1999). Members
of this cluster were extracted from De Zeeuw et al. (1999), Preibisch & Mamajek (2008),
and Song et al. (2012) . X-ray data were taken from Mamajek et al. (2002), Preibisch &
Mamajek (2008), and Song et al. (2012). Lithium data were taken from Mamajek et al.
(2002), Weise et al. (2010), Chen et al. (2011), and Song et al. (2012). Rotational periods
were taken from Pojmanski (1997) and Watson et al. (2006). Ha data were taken from

Mamajek et al. (2002), Song et al. (2012), and Pecaut et al. (2012).

A.18 M7

The age of M7 is most commonly quoted as ~220 Myr (Sestito et al. 2003). The distance
is estimated to be 270 £ 12 pc (van Leeuwen 2009). Members of this cluster were extracted
from Prosser et al. (1995), James & Jeffries (1997), James et al. (2000), and Mermilliod et
al. (2009). X-ray data were taken from Prosser et al. (1995) and James & Jeffries (1997).
Lithium data were taken from James & Jeffries (1997), James et al. (2000), and Sestito et
al. (2003). There are no available rotational periods. Ha data were taken from James &

Jeffries (1997).

A.19 M34

The age of M34 is most commonly quoted as ~220 Myr (Meibom et al. 2011). The distance
is estimated to be ~470 pc (Jones & Prosser 1996). Members of this cluster were extracted
from Jones & Prosser (1996), Irwin et al. (2006), and James et al. (2010). X-ray data were

taken from Simon (2000). Lithium data were taken from Jones et al. (1997). Rotational
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periods were taken from Irwin et al. (2006), Watson et al. (2006), James et al. (2010), and

Meibom et al. (2011). Ha data were taken from Soderblom et al. (2001).

A.20 M35

The age of M35 is most commonly quoted as ~150 Myr (Meibom et al. 2009). The distance
is estimated to be 805 £ 40 pc (Geller et al. 2010). Members of this cluster were extracted
from Geller et al. (2010). There are no available X-ray data. Lithium data were taken
from Barrado Y Navascués et al. (2001). Rotational periods were taken from Meibom et al.

(2009). There are no available Ha data.

A.21 Me67

The age of M67 is most commonly quoted as 3700 4+ 300 Myr (Sarajedini et al. 2009). The
distance is estimated to be ~900 pc (Sarajedini et al. 1999). Members of this cluster were
extracted from Mamajek & Hillenbrand (2008) and Yadav et al. (2008). X-ray data were
taken from Belloni et al. (1998) and Pasquini & Belloni (1998). Lithium data were taken
from Hobbs & Pilachowski (1986), Spite et al. (1987), Jones et al. (1999), and Melo et al.
(2001). Rotational periods were taken from Belloni et al. (1998) and Watson et al. (2006).

There are no available Ha data.

A.22 NGC 752

The age of NGC 752 is most commonly quoted as 1900 + 200 Myr (Giardino et al. 2008).
The distance is estimated to be ~450 pc (Daniel et al. 1994). Members of this cluster were
extracted from Daniel et al. (1994) and Giardino et al. (2008). X-ray data were taken from

Giardino et al. (2008). Lithium data were taken from Hobbs & Pilachowski (1984) and
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Sestito et al. (2004). Rotational periods were taken from Watson et al. (2006). There are no

available Ha data.

A.23 NGC 2264

Age estimates for NGC 2264 range from 0.1 (Rebull et al. 2002) to 10.0 Myr (Flaccomio et al.
1999). The most typical quoted age is ~3 Myr, which is adopted here. The distance is most
recently estimated to be 913 £ 40 pc (Baxter et al. 2009). For a recent summary, please see
Dahm (2008a). Members of this cluster were extracted from Dahm & Simon (2005), Sung
et al. (2008), Baxter et al. (2009), and Alencar et al. (2010). X-ray data were taken from
Ramirez et al. (2004), Flaccomio et al. (2006) and Dahm et al. (2007). Lithium data were
taken from King (1998), Soderblom et al. (1999), and Dahm & Simon (2005). Rotational
periods were taken from Lamm et al. (2005), Flaccomio et al. (2006), Baxter et al. (2009),
and Alencar et al. (2010). Ha data were taken from Soderblom et al. (1999), Dahm & Simon
(2005), Dahm et al. (2007), Sung et al. (2008), and Alencar et al. (2010).

A.24 NGC 2516

The age of NGC 2516 is most commonly quoted as ~150 Myr (Irwin et al. 2007). The
distance is estimated to be 343 £ 12 pc (van Leeuwen 2009). Members of this cluster were
extracted from Jeffries et al. (2001) and Irwin et al. (2007). X-ray data were taken from
Jeffries et al. (1998) and Pillitteri et al. (2006). Lithium data were taken from Jeffries et
al. (1998). Rotational periods were taken from Irwin et al. (2007) and Jackson & Jeffries

(2010b). There are no available Ha data.
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A.25 NGC 2547

The age of NGC 2547 is most commonly quoted as 38.5752 Myr (Naylor & Jeffries 2006).
The distance is estimated to be 474 + 41 pc (van Leeuwen 2009). Members of this cluster
were extracted from Jeffries et al. (2004) and Irwin et al. (2008). X-ray data were taken from
Jeffries et al. (2000), Jeffries et al. (2006), and Jeffries et al. (2011). Lithium data were taken
from Jeffries et al. (2003), Oliveira et al. (2003), and Jeffries & Oliveira (2005). Rotational
periods were taken from Irwin et al. (2008) and Jeffries et al. (2011). Ha data were taken
from Jeffries et al. (2000) and Jeffries et al. (2003).

A.26 Octans

The age of the Octans association is most commonly quoted as 20 Myr (Torres et al. 2008).
Distances to individual members range from 80-200 pc (Torres et al. 2008). Members of
this cluster were extracted from Torres et al. (2008). X-ray data were taken from this work.
Lithium data were taken from da Silva et al. (2009). Rotational periods were taken from
Pojmanski (1997), Watson et al. (2006), and Messina et al. (2011). There are no available

Ha data.

A.27 Pleiades

The age of the Pleiades is most commonly quoted as ~120 Myr (Stauffer et al. 1998). The
distance is estimated to be 120.2 + 1.9 pc (van Leeuwen 2009). Members of this cluster were
extracted from Stauffer et al. (2007) and Hartman et al. (2010). X-ray data were taken from
Stauffer et al. (1994), Micela et al. (1999), and Pizzolato et al. (2003). Lithium data were
taken from Butler et al. (1987), Soderblom et al. (1993a), Garcia Lépez et al. (1994), Sestito

& Randich (2005), and King et al. (2010). Rotational periods were taken from Pojmanski
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(1997), Watson et al. (2006), Jackson & Jeffries (2010a), and Hartman et al. (2010). Ha

data were taken from Terndrup et al. (2000).

A.28 Praesepe

The age of Praesepe is most commonly quoted as 578 + 12 Myr (Delorme et al. 2011). The
distance is estimated to be 181.5 + 6.0 pc (van Leeuwen 2009). Members of this cluster were
extracted from Adams et al. (2002), Kraus & Hillenbrand (2007b), Mermilliod et al. (2009),
Boudreault et al. (2010), and Delorme et al. (2011). X-ray data were taken from Randich
& Schmitt (1995) and Patience et al. (2002). Lithium data were taken from Soderblom et
al. (1993b). Rotational periods were taken from Pojmanski (1997), Watson et al. (2006),
Agiieros et al. (2011), and Delorme et al. (2011). Ha data were taken from Adams et al.
(2002) and Kaftka & Honeycutt (2006).

A.29 Tucana-Horologium

The age of the Tucana-Horologium association is most commonly quoted as 30 Myr (Torres
et al. 2008). Distances to individual members range from 20-120 pc (Zuckerman et al. 2001a).
Members of this cluster were extracted from Torres et al. (2000), Zuckerman & Webb (2000),
Zuckerman et al. (2001a), Song et al. (2003), Zuckerman & Song (2004), Moér et al. (2006),
Makarov (2007), Scholz et al. (2007), Fernandez et al. (2008), Torres et al. (2008), Reiners
(2009), Kiss et al. (2011), Zuckerman et al. (2011), and Zuckerman & Song (2012). X-ray
data were taken from Stelzer & Neuh&user (2001), De la Reza & Pinzén (2004), Kiss et al.
(2011), Zuckerman et al. (2011), and this work. Lithium data were taken from Torres et al.
(2000), Zuckerman & Webb (2000), Song et al. (2003), Guenther et al. (2005), Torres et al.
(2006), Fernandez et al. (2008), Mentuch et al. (2008), da Silva et al. (2009), Weise et al.
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(2010), Kiss et al. (2011), and Zuckerman et al. (2011). Rotational periods were taken from
Pojmanski (1997), Watson et al. (2006), and Messina et al. (2010). Ha data were taken
from Torres et al. (2000), Zuckerman & Webb (2000), Song et al. (2003), Jayawardhana et
al. (2006), Scholz et al. (2007), Reiners (2009), Weise et al. (2010), and Kiss et al. (2011).

A.30 TW Hya

The age of the TW Hya association is most commonly quoted as 8 Myr (Torres et al. 2008).
Distances to individual members range from 30-90 pc (Schneider et al. 2012a). For a recent
summary, please see Schneider et al. (2012a). Members of this cluster were extracted from
Schneider et al. (2012a) and Schneider et al. (2012b). X-ray data were taken from Schneider
et al. (2012a). Lithium data were taken from Schneider et al. (2012a). Rotational periods
were taken from Pojmanski (1997), Lawson & Crause (2005), Watson et al. (2006), and
Messina et al. (2010). Ha data were taken from Schneider et al. (2012a) and Schneider et

al. (2012D).

A.31 Upper Centaurus Lupus

Recent work by Song et al. (2012) indicate an age for the Upper Cetaurus Lupus region of
~10 Myr. The distance is estimated to be 140 £+ 2 pc (De Zeeuw et al. 1999). Members of
this cluster were extracted from De Zeeuw et al. (1999), Mamajek et al. (2002), Preibisch
& Mamajek (2008), and Song et al. (2012). X-ray data were taken from Mamajek et al.
(2002), Preibisch & Mamajek (2008), and Song et al. (2012). Lithium data were taken from
Mamajek et al. (2002), Chen et al. (2011), and Song et al. (2012). Rotational periods were
taken from Pojmanski (1997), Watson et al. (2006), and Bailey et al. (2012). Ha data were

taken from Mamajek et al. (2002), Song et al. (2012), and Pecaut et al. (2012).
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A.32 Upper Scorpius

The age of Upper Scorpius is most commonly quoted as ~5 Myr (Preibisch et al. 2002). The
distance is estimated to be 145 4+ 2 pc (De Zeeuw et al. 1999). Members of this cluster were
extracted from De Zeeuw et al. (1999), Kraus & Hillenbrand (2007a), Lodieu et al. (2011a),
and Dahm et al. (2012). X-ray data were taken from this work. Lithium data were taken
from Preibisch et al. (1998), Preibisch et al. (2002), Preibisch & Mamajek (2008), and Chen
et al. (2011). Rotational periods were taken from Pojmanski (1997), Adams et al. (1998),
and Watson et al. (2006). Ha data were from Preibisch et al. (1998), Preibisch et al. (2002),
Preibisch & Mamajek (2008), Lodieu et al. (2011a), Dahm et al. (2012), and Pecaut et al.
(2012).
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Appendix B

Young Nearby Solar-Type Stars
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