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ABSTRA CT

Locating young stars is critical for studies of planet formation, as planets and stars
are hypothesizedto develop concurrently . Locating theseyoung stars, known as post T
Tauris, is di�cult, as they are no longer near the giant molecular clouds of their birth.
To �nd thesestars we searched for stars that were x-ray bright with kinematics similar
to Hipparcos stars known to be young. Thesecandidatesare projected near the Lower
Centaurus Crux, but not within the boundaries of this OB association. To determine
stellar age,we combined spectral analysisof lithium, x-ray luminosity, and location on a
Hertzsprung-Russelldiagram. Combining three youth indicators is more powerful than
applying each individual method alone. Using thesemethods of determining stellar age
resulted in a group of about seven stars out of a sample of 138 that we are con�dent
are post T Tauris. This multifaceted system to evaluate stellar agewill prove useful in
the future, as it provides a clear method to �nding good locations for further planetary
research.
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1. In tro duction

Stars and planets form together. When a cloud of dust and gas gravitationally collapses,it
forms a protostar. This protostar is surrounded by an orbiting disk of material which, through
gravitational accretion and other mechanisms, forms planets. As the planet-star system forms at
the sametime, it makessenseto search for developing planets around young stars. To locate and
study thesedeveloping planetary systems,we must �nd their stellar hosts: young stars. However,
it is di�cult to identify theseyoung stars.

Initially when a star is formed, it is quite easyto spot. Star-forming regionsconsist of heated
dust and gas, making them quite luminous. To �nd a young star, one must simply search within
these luminous regions. However, as it takes tens of millions of years to form planets, we want
to �nd young stars that are more mature than those in active star-forming areas. This posesa
problem, as many of theseyoung stars, which are ten to a hundred million yearsold, are di�cult
to locate. No longer surrounded by the dust and gas from their birth, these stars are not easily
distinguished from older stars. Thus, it is critical to develop an e�ectiv e system of �nding these
young stars, to aid in our studies of planet formation.

Identifying stars ten to a hundred million yearsold requiresa multi-faceted approach. Known
as post T Tauris, these stars boast certain spectral features, such as high lithium abundanceand
a characteristic ratio between their x-ray and bolometric luminosity. Using spectral and x-ray
emission studies, we can get a rough stellar age. We can then do further age analysis using a
Hertzsprung-Russell diagram. Placing a star upon this diagram based upon its luminosity and
e�ectiv e temperature can tell us both its age and its mass. Using the stellar age from spectral
features and x-ray emission and con�rming youth with the stars' position relative to the main
sequence,we can accurately determine whether or not a star is a post T Tauri.

1.1. Classical and W eak T Tauri Stars

To locate thesestars, we must �rst �gure out what distinguishesthem from other stars. What
special characteristics do they possess?T Tauri stars are low masspre-main sequencestars, often
with H� emission,an infrared excess,and large amounts of x-ray radiation (Jensenet al. 1998).
This group of stars is split into two categories,classicaland weak, which are distinguished by the
presenceor absenceof an accretion disk. ClassicalT Tauris have an accretion disk, while weak do
not. Researchers can also di�eren tiate classicaland weak T Tauri stars with spectral analysis; a
H� equivalent width of about 10 �A is often usedto distinguish classicalfrom weak T Tauris, as is
the infrared excesswhich originates in an accretion disk (Feigelson1996;Bertout 1989).

An accretion disk greatly a�ects the spectrum of a star. The disk of classicalT Tauris con-
tributes a continuum of non stellar radiation (Walter et al. 1988). Most notably, the accretion disk
contributes a large amount of infrared and H� emissionand masks the spectral features, making
them appear weaker than they actually are. This disk of interstellar dust and gas increasesthe
amount of infrared emission,as the dust absorbsstellar radiation and reradiates it as infrared pho-
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tons (Walter et al. 1988). Additionally , the boundary layer of the disk contributes certain spectral
features to the stellar spectra. When this boundary material heats up as it accretesonto the star,
it radiates, contributing its own continuum to the stellar spectrum. When the material is heated,
the electrons in the layer's hydrogen atoms are excited to higher energy levels. However, the elec-
trons are most stable in the ground state and will return to it by releasingH� photons in their
transitions down, creating strong H� emissionlines (Jensen2001). Theseadditional photons from
the disk's hot matter alsomake the stellar featuresappear weaker, a phenomenonknown asveiling.
While the star may not be releasingmany photons of a certain energy, which would result in an
absorption line, the disk material may be radiating thesephotons, �lling in the stellar absorption
line with disk emission. As weak T Tauri stars do not have an accretion disk, their spectra do not
have veiled features or very strong H� emission.

It is speculated that classical T Tauri stars evolve into weak T Tauri stars, their accretion
disks gradually dissipating over time (Walter et al. 1988). The two types of stars are similar in
luminosities and e�ectiv e temperature, implying a potential evolutionary relationship. The dust
and gas within the accretion disk may get pulled in to the star, dissipate out, or clump together
to form substellar companions(seeA.1). However, the transition from a classicalto weak T Tauri
star occurs over such a wide range of age, from 106 to 107 years, that there is not yet a clear
evolutionary relationship betweenthe two (Walter et al. 1988).

The stars of most interest to us are post T Tauris. Post T Tauris are low-mass,young stars
which are not yet on the main sequence(Jensen 2001). These stars are de�ned as being from
107 to 108 years old. They are also rich in lithium, as compared to stars on the zero-agemain
sequence(Mamajek 2004). Unlike classicalT Tauri stars, which still have an accretion disk, post
T Tauris have lost most of their disks. It is hypothesizedthat their disk material has accretedinto
companions,such as brown dwarfs and planets. Thesepost T Tauri stars (PTT) are exactly what
we are looking for in stellar agewith respect to planetary development.

In addition to beingof an appropriate ageto havesubstellar companions,post T Tauris arealso
useful as, theoretically, it would be easierto detect companionsabout a post T Tauri than another
young star. Substellar companions are not large enough to sustain fusion; all of their radiation
originates in gravitational contraction. As the companion forms, material is pulled in by gravit y.
The gravitational potential energyof this in-falling material is releasedas photons. Eventually , as
the companionsage, they reach equilibrium where the gravitational force pulling in balanceswith
the core pressurepushing out; at this point, the companion is no longer radiating. Thus, planets
and brown dwarfs are only luminous in the early stagesof their development, when there is still
gravitational contraction. Post T Tauri stars theoretically have companionswhich have contracted
enough to be detectable but are young enough that they may still be luminous, and thus easier
to spot. In addition, the absenceof a disk makes it easierto detect any companionsthat may be
present. Post T Tauris have little to no disk; companionsare not obscuredby other radiation or
interstellar material. Furthermore, these post T Tauri stars are far from their parent cloud; any
substellar companionswill not be hidden by parent cloud material. Thus, the ageof post T Tauris
and their lack of obscuring surrounding material makesthem ideal for companion searches.
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1.2. Iden tifying Post T Tauri Stars

The sameproperties that allow us to �nd new planets make it di�cult to �nd the post T Tauris
themselves. As they are far from their parent clouds, it is unclear wherein the sky we should search
for these stars. Also, their lack of disk meansthat they do not have distinctiv e infrared emission
that we can search for.

Post T Tauri stars di�er from the collection of other stars far from giant molecular clouds in
their x-ray emissionand in their spectral features. By examining their characteristic features we
canapproximate the stellar agesof our candidatestars to seeif they actually arepost T Tauris. The
ratio of x-ray and bolometric luminosity provides a rough estimate of age, as post T Tauris have
a characteristic ratio. Additionally , using distinctiv e spectral features, such as Li I absorption, we
can narrow in on stellar age. Using theseagediagnostics,we can seewhether or not our candidate
stars are of the appropriate post T Tauri age,10-100million yearsold.

1.2.1. X-ray Emission

Young stars have x-ray luminosities upwards of 1027 erg s� 1 (Damiani et al. 1995). The
origins of post T Tauri x-ray emissionare still under debate. It is hypothesizedthat x-ray emission
stemsfrom magnetic dynamo mechanismsin the star, similar to those in magnetically active main
sequencestars (Audard et al. 2004;Feigelsonet al. 2002). A star's rotation increasesthe dynamo
activit y, strengthening the magnetic �eld which heats up the stellar corona. There are many
possibleexplanations for how the magnetic �eld releasesheat into the corona, such as magnetic
reconnectionand bulk motion (Feigelsonet al. 2002).

Despite the uncertainties over the relationship between magnetic �elds and x-ray emission,
there is a clear correlation betweenageand x-ray luminosity (seeFigure 1). Older stars have less
x-ray radiation on averagethan those that are young (Damiani et al. 1995). In the caseof coronal
activit y, there is an empirical relationship between age and x-ray luminosity; as stars age their
amounts of coronal activit y decreases,lowering their amount of x-ray luminosity (Kastner et al.
1997). Presumably, this is becauseas stars agethey loseangular momentum through mechanisms
such as stellar winds. Their rotation rate decreases,so they no longer have a dynamo ratcheting
up their magnetic �eld. Thus, as a star's rotation rate decreases,so does its amount of x-ray
emission. The post T Tauri stars we are interested in have a characteristic ratio betweenx-ray and
bolometric luminosity of 10� 4 or more (seeFigure 2). This luminosity ratio is particularly useful
as it is independent of distance (Kastner et al. 1997). Both luminosities originate from the same
distanceand are thus changedby the sameproportion when we detect them as 
ux. By examining
the amounts of x-ray emission,we can distinguish post T Tauri stars from older stars which might
otherwise have similar features. However, as we can seein Figure 2, x-ray luminosity is only a
coarseagediagnostic.
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Fig. 1.| Relationship betweenstellar ageand x-ray emission. On average,older stars radiates less
in the x-ray (Damiani et al. 1995). As the ageof the stellar groups increases,their x-ray luminosity
decreases.

1.2.2. Lithium Absorption

Although x-ray luminosity can help distinguish between young and old stars, it also has its

a ws. For example,x-ray binaries can skew results as they do not loseangular momentum the way
other stars do. Thus, even binaries of advancedagecan still have a high rotation rate and a large
amount of x-ray emission. To rule out contamination, we use other techniques in distinguishing
stellar youth, such as lithium abundance.

The changes in T Tauri stars' lithium abundance results from the convective processesof
stars of moderate temperatures. Stellar coresare much hotter than stellar surfaces,thanks to self-
gravitation. The area at the center of the star is compressedby the outer matter pushing down
on it. This createshigh pressuresand high core temperatures. The star releasesthe inner heat
primarily through radiation and convection. Convection is when large amounts of hot material from
the inner areasmove into the cooler regions, bubbling up through the cooler material analogous
to boiling water. Just as the hot material rises, the cooler material closer to the surfacesinks to
the deeper hotter sectionsof the convective zone,where it is heated up. Convective processespull
down the surfacelithium to temperatures of 106 Kelvin, where lithium is destroyed (Jensen2001).
At million kelvin temperatures, lithium combines with protons to form helium nuclei (Zeilik &
Gregory 1998).

Li 7 + H1 ! 2He4 (1)
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Fig. 2.| Young stars (107 yearsand below) have a characteristic logarithmic x-ray and bolometric
ratio of about -4.0 (Feigelsonet al. 2003). Stars from agesof 105:5 to 107 have log(L x=Lbol) of
around -4.0. Within the log(L x=Lbol) values, there is a fair amount of scatter about -4.0. This
plot clearly shows that there is a wide range of log(L x=Lbol) for each age, implying that x-ray
luminosity is just a rough age diagnostic. This plot also provides a large amount of statistical
information. The horizontal center line marks the median value. The surrounding boxes together
represent 50 percent of the data, with the top horizontal line representing the 75th percentile and
the bottom line the 25th percentile (McGill et al. 1978). The maximum and minimum values of
log(L x=Lbol) for a certain age are marked by the dotted lines; if there are outliers, the extreme
valuesare de�ned as being 1.5 times the maximum and minimum within the quartile boxes. The
width of the boxes indicate the samplesize. For example, the samplesize for 10< 5:5 is larger than
that for 106:5 to 7:0. Lastly, the notches about the median in the quartile boxes indicate the error
bar for the median. If the median and notchesof one box is not within another's notches, the two
medians are consideredsigni�cantly di�eren t. For example, the median log(L x=Lbol) notches for
106:5 to 7:0 overlaps with those of 106:0 to 6:5, implying that their median values are close to each
other within their uncertainties. However, the notchesof 10> 7:0 do not overlap with those of any
other ageranges,implying that the median value for thesestars is much di�eren t than thoseof the
others.
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Through convection, this lithium depleted material rises to the stellar surface,which we study in
our spectral analysis. This depletion manifestsitself asweaker lithium absorption lines in the star's
spectrum (seeFigure 3).

This processof lithium depletion may seemcounterintuitiv e, as the stars we are examining
are pre-main-sequenceand are not undergoing hydrogen fusion, as main sequencestars are. These
young stars primarily utilize the energyfrom gravitational contraction, not from fusion, to prevent
them from collapsing in upon themselves. But this does not mean that they are not fusing some
elements within. Within the star, there is somedeuterium fusion, although not enough that the
star can be supported by it, as there is so little deuterium in a star to begin with. The star reaches
a hot enough temperature to deplete lithium and undergo other chemical processes;it is not hot
enoughto support hydrogen fusion processesyet.

The lithium depletion processdoes not occur for stars earlier than G0, as their convective
zonesdo not go deepenoughto reach the destructive temperature of 106 K (Jensen2001). Thus,
the surfacestellar material for stars with shallower convective zonesdoesnot undergo this lithium
depletion. Only for G, K, and M stars does lithium abundancepoint to approximate stellar ages.
If such a star has a large amount of lithium, it is young, as it has not had time to destroy large
amounts of the element through convective and hydrogen fusion processes.

Unfortunately, lithium measurements are not without their di�culties. Although empirically
lithium depletion is a clear indicator of stellar youth, it gets fuzzy in the details. There is no
exact formula with which to convert lithium equivalent widths to an age. Stellar properties such as
rotation and initial massmay a�ect lithium depletion in yet unexplored ways (Sterzik & Schmitt
1997).

1.2.3. Hydrogen Alpha Emission

As with lithium, examining a spectrum's H� line (6563�A) is a rough but simple agediagnostic.
H� emissionoriginates in the dust and gassurrounding a star, be it a disk or parent cloud material.
If the star is still within its giant molecular cloud, its spectrum may be corrupted by the cloud's H�
emission,no matter how young or old it is. If the star is no longer within the bounds of its parent
cloud, H� emission is characteristic of youth, as it indicates that there is surrounding material,
most likely an accretion disk.

Merely by glancing at the H� line, we can determine whether a star is of interest. A star with
strong H� emissionis likely young, potentially a classicalT Tauri star, as H� photons are released
when material in the boundary layer betweenthe disk and star is heated up and excited hydrogen
electronstransition down to the ground state. In this way, H� emissioncan be usedto distinguish
betweena classicaland weak T Tauri star as it signi�es whether or not there is an accretion disk.
The amounts of H� emissionin classicalT Tauri stars can be up to 100 times as large as weak T
Tauri stars, making it a clear indicator of type (Bertout 1989). When a star has an H� equivalent
width of more than 10 �A, it is deemedclassical(Jensen2001).

Candidates with very strong H� emissionare likely very young; this implies that there is a
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Fig. 3.| The lithium absorption line is at 6708�A: The top spectrum has little lithium absorption,
implying that this star is old. There has beenenough time to deplete much of the lithium in the
star. The bottom spectrum is of a young star, which still boastsa large amount of lithium.

disk present and thus, that the star is a classicalT Tauri. If the star has only H� absorption, it
has little surrounding material. Stars with strong H� absorption have lost their disk and are much
older. There is no way to determine if a star is at an intermediate age from H� emission; it is
not particularly useful for identifying post T Tauri stars. Presumably, an intermediate value of H�
emissionwould indicate a post T Tauri; however, there is a wide range of H� values for post T
Tauris (Zuckerman & Song2004). Very strong emissionof H� can rule out a star being a post T
Tauri, but no particular amount of intermediate H� emissionor absorption indicates that a star is
a post T Tauri.

Just as with lithium, there is no preciserelationship betweenstellar ageand H� emission. We
must rely on other techniques to derive an accurate stellar age. However, as an initial diagnostic
of age,H� emissionclearly separatesout the very young stars from the very old.

1.2.4. Kinematics

Proper motion is how we view a star's motion acrossthe celestial spheredue to its own radial
velocity through space(Carroll & Ostlie 1996). If two stars have very similar proper motions, it
is plausible that they formed from the same cloud, which imparted to each of them some of its
original motion. This also implies that thesestars formed around the sametime; thus, if we know
that one is young, it is likely that the other is of the samegeneralage.
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Beyond providing approximate stellar ages,kinematic studies can help us narrow down the
distancesto thesestars. If a candidate hassimilar proper motion asa target star and appearsto be
about the sameage, it is probable that it is at about the samedistance. More accurate distances
increasethe accuracyof our stellar agemeasurements.

1.2.5. Hertzsprung-Russell Diagrams

We can determine an approximate age for these post T Tauri stars using x-ray emissionand
spectral information, such as lithium. However, to more precisely analyze stellar age, we use a
Hertzsprung-Russell (H-R) diagram. This diagram plots stellar luminosity versus e�ectiv e tem-
perature, distinguishing types of stars by their developmental paths. Ideally, placing these stars
on an H-R diagram basedupon their visual magnitudes, distances,and spectral typescan help us
placethe stars on modeledpaths of constant ageor mass,called isochronesand evolutionary tracks
respectively, allowing us to determine their ageand mass. Additionally , by examining how the stars
are positioned with respect to those stars supporting themselves with fusion, known as the main
sequence,we can deducethe type of star we are studying. Post T Tauri stars are approaching the
main sequencefrom above; if our candidates are in this general region of the H-R diagram and
show other signsof youth, they are likely post T Tauris.

To create an accurate Hertzsprung-Russelldiagram, one must have accurate stellar distances
and e�ectiv e temperatures. Additionally , to get information from an H-R diagram, one needsac-
curate isochronesand evolutionary tracks.

A. Distances
To place stars upon a Hertzsprung-Russelldiagram we require accurate distances. The distance

value is involved in deriving the stellar luminosity, therefore directly a�ecting a star's H-R diagram
position.

When a group of stars forms from the samegiant molecular cloud (GMC), researchers can de-
termine the distance to thesestars by assumingthem to be about the samedistance as the GMC.
However, many of our candidatesare not closeto giant molecular clouds. In fact, for most of them,
their birth location is unclear (de la Rezaet al. 1989). Without thesedistance values, it is di�cult
to place the stars on an H-R diagram as we cannot accurately calculate the luminosities.

The Hipparcos Catalogue has the distancesfor many stars far from giant molecular clouds. It
has the stellar distancesfor more than 105 stars in the region about the sun (Jensenet al. 1998).
Unfortunately, most of our candidate stars were too faint to be included in the Hipparcos Cata-
logue, which is 
ux limited to around 7 magnitudes in the V band.

Inaccurate distancescan greatly a�ect derived stellar luminosities. With distances that are
too small, the stars will appear to be lessluminous than they actually are. Somewill end up below
the main sequence,as opposedto being located just above it, where post T Tauri stars would be.
If we assumetoo large a distance, the stars will appear to be far above above the main sequence,
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too far to be stars of an agewe are interested in.

B. Tracks and Isochrones
A star's development dependsupon its initial properties, particularly stellar mass. Through com-
puter modeling, we can approximate a star's development by specifying its initial conditions. Evo-
lutionary tracks plot the development of a star of a certain stellar mass,showing how its luminosity
and e�ectiv e temperature vary throughout its life cycle. Isochronesplot how stars of a certain age
vary in luminosity with respect to temperature. The star's position in relation to an isochrone tells
its age; for example if it is between the 107 year and 108 year isochrones, we know that its age is
also in betweenthesetwo values. Mass is determined from evolutionary tracks in a similar way; if
a star happensto be on an evolutionary track of a particular mass,we know it has that massvalue.

Isochronesand evolutionary tracks are derived many di�eren t ways, someemphasizingdi�er-
ent protostellar properties more than others. All are based in theoretical calculations of stellar
behavior. Each evolutionary model assumesdi�eren t stellar properties. This variety results in a
rangeof agesand massesfor any given star. For a review of pre-main-sequenceevolutionary tracks,
seeWhite & Hillenbrand (2004).

These models allow us to examine stellar evolution in relation to the main sequence,the de-
velopmental phasewhere stars are in hydrostatic equilibrium thanks to hydrogen fusion. Post T
Tauris are pre-main sequence;they are not yet supported from collapseby the radiativ e energy
fusion creates. Thus, by examining our candidates' positions relative to the main sequencewe can
discern their approximate ages.

C. Interstel lar Reddening
The light of all stars passesthrough someinterstellar material before it reachesus. When a star's
radiation passesthrough regions densewith dust and other interstellar material, the high energy
radiation is �ltered out. Dust interferes more with the shorter wavelength photons, which have
high energy, scattering them o� in all directions. Longer, redder wavelengths are able to bypass
the dust particles, and thus we seemore low energy red radiation rather than the high energy
blue. This �ltering of high energy photons makes the star appear redder and thus cooler in the
observed magnitudes. However, reddening does not a�ect the spectral features in an extreme
manner, providing us with a good way to identify reddenedstars (see3.1.2). On a Hertzsprung-
Russell diagram, interstellar reddening shifts temperatures derived from stellar colors to cooler
values,a�ecting our isochrone and evolutionary track readings.

2. Our Candidates

The �rst step in �nding post T Tauri stars is deciding where to look. As much of our data
comesfrom all sky surveys, we are not limited to a certain region of the sky. As stars of similar
agestend to stick together, we surveyed the region surrounding four young stars.
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2.1. Sample Selection

We studied the 10o regions surrounding four stars known to be young, HIP 33111, 33455,
46063and 48558. Thesefour stars are approximately 30 million yearsold (Jensenet al. in prep.).
They are projected near the Lower Centaurus Crux OB association but are not within its bounds.
Additionally , many of the stars we observedabout thesefour overlap with the theorizedCarina-Vela
moving group (Makarov & Urban 2000).

Within these regions, we searched for stars which were x-ray bright and had proper motions
similar to thoseof our four target stars. Spectral type wasanother quali�cation; our candidatesall
have B-V colors consistent with spectral type G0 or later, as the lithium depletion corresponds to
ageat thesetemperatures only. Searching with thesequali�cations, we found 138 stars for further
study.

2.2. Candidate Data

We analyzed these candidate post T Tauri stars using various all sky surveys, in addition to
our own high resolution optical spectra. To �nd x-ray bright stars, we used the Roentgen Satel-
lite (ROSAT). One advantage of using ROSAT is that it is an all-sky survey, meaning our search
was not relegated to particular regions of the sky, and is not biased towards areasof active star
formation. Using ROSAT, we can �nd stars that are x-ray bright but not necessarilycloseto well
known star birth regions. In general,using x-ray data from ROSAT rather than infrared data also
meant that our survey wasnot biasedtowards stars with accretion disks, which radiate more in the
infrared. Many of the previous searches for T Tauri stars, such as that done by Gregorio-Hetem
et al. (1992), have started with infrared surveys; theseare much more likely to �nd classicalthan
weak, or post, T Tauri stars. X-ray luminosity is related to agefor thesestars, not the presenceof a
disk. Using ROSAT for an initial survey meansthat we are �nding all the stars that are potentially
of the correct age,not just those few post T Tauris with disk remnants detectable in the infrared.

ROSAT provides us with candidates that are not biasedto a particular type of young star or
a particular region of the sky. Unfortunately, looking for x-ray bright stars can corrupt our sample
with activebinaries. Wealsotook high resolution optical spectra of thesecandidatesfrom the Cerro
Tololo Inter-American Observatory 4-m echelle from April 11 to 14, 2003. Thesespectra, taken at
a resolution of approximately 40000,were used to determine the stars' lithium abundances. If a
star is an active binary, and not a post T Tauri, the spectra will show it in the amount of lithium
present; an active binary will have much lessthan a post T Tauri.

One of our other candidacy quali�cations was kinematics similar to those of our target stars.
The Tycho-2 catalogueprovided the proper motions of our candidate stars, in addition to the B and
V band magnitudes. The optical magnitudes are useful in determining the bolometric luminosity
for our Hertzsprung-Russellanalysis. The kinematics alsoprove useful for our Hertzsprung-Russell
studies as, in somecases,they can tell us the approximate distances to the stars. If the proper
motions indicate that our candidatesare members of known groups, we can determine the approx-
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imate distance to them. As the majorit y of our sampleis too faint to be detectedby the Hipparcos
satellite, this is the best way thus far to determine the distancesto thesestars. Additionally , similar
kinematics may be indicativ e of similar age.

3. Metho dology

Our theoretical understanding of post T Tauri stars helps us develop an experimental method
of �nding them using the data from various surveysand our own observed spectra. To ensurethat
thesecandidatesare of appropriate age,we did an analysis of their x-ray emission. This provided
us with a rough stellar age. We then followed up by studying the stars' lithium abundance.We also
plotted the candidatesupon a Hertzsprung-Russelldiagram, comparing them to lines of constant
age. Determining accuratee�ectiv e temperatures for thesestars was integral to all three of our age
diagnostics.

3.1. Metho ds for Determining E�ectiv e Temp eratures

Our �rst step in determining stellar age is deriving stellar temperature. Without accurate
temperatures, we cannot determine stellar ageusing any of our techniques. We usedtwo methods
of determining e�ectiv e temperature, the color index and examination of temperature-dependent
spectral features. Both of thesetechniqueshave 
a ws. Using them in tandem, in addition to general
study of the high resolution spectra in comparison to those of spectral type standards, helps us
narrow in on an accurate stellar temperature.

3.1.1. Color Index

A star radiates in many di�eren t wavelengths,which are split up into bands,such asthe visible
and ultraviolet band. We can derive the approximate temperature of a star from the color index
by comparing the amount of radiation in di�eren t spectral bands. For example, a common color
index is the di�erence betweenthe blue and visual magnitudes,B (440 nm) and V (550 nm) (Zeilik
& Gregory 1998). When a star is blue, it will have a small B magnitude and a large V magnitude,
giving it a negative color index. This small color index indicates that the star is blue, and thus
hot, as blue stars are hotter than red ones. If the color index were large and positive, we know the
star is cool, as the color index shows that it is red. Thus, �nding the color index can provide a
generalvalue for e�ectiv e temperature; hotter stars have a negative color index, as they are blue,
and cooler stars are reddish, giving them a positive color index.

We had BT and VT magnitudes for our candidates from the Tycho-2 catalogue. To derive
an e�ectiv e temperature from them, we �rst had to convert the magnitudes from Tycho to the
Johnson/Cousins B and V system, which has a more establishedrelationship between magnitude
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Fig. 4.| Plot of known B-V color index and e�ectiv e temperatures (Reed 1998). By performing a
line �t on this data, Reedderived an equation relating the B-V color index to e�ectiv e temperature.

and e�ectiv e temperature (Mamajek et al. 2002).
For -0.25 � (BT � VT ) � 2.0:

VJ = VT + 0:00097� 0:1334(BT � VT ) + 0:05486(BT � VT )2 � 0:01998(BT � VT )3 (2)

For -0.25 � (BT � VT ) � 0.5:

(BJ � VJ ) = (BT � VT ) � 0:006� 0:1069(BT � VT ) + 0:1459(BT � VT )2 (3)

For 0.5 � (BT � VT ) � 2.0:

(BJ � VJ ) = (BT � VT ) + 0:007813(BT � VT ) + 0:1489(BT � VT )2 + 0:03384(BT � VT )3 (4)

Once we had the Johnson/Cousins B-V color index, we converted it to an e�ectiv e temperature
using the following formula, derived through line �ts (Figure 4, Reed1998):
For BJ � VJ � � 0:0413:

logTef f =
(BJ � VJ ) � 14:551

� 3:684
(5)

As the color index for our stars is never below -0.0413no other formula is needed.Wealsoconverted
the Tycho B and V magnitude errors to Johnson/Cousinsto derive the e�ectiv e temperature error.

Unfortunately, extinction through photon scattering, which is not taken into account by our
error calculations, greatly a�ects the color index. Some of our stars may have hotter e�ectiv e
temperatures than those we derived. This could result in inaccurate e�ectiv e temperatures. Thus,
we usedan additional method to determine the e�ectiv e temperature, spectral analysis.
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3.1.2. Spectral Analysis

Extinction a�ects spectral band magnitudes much more than it does spectral features. Al-
though high energyphotons are �ltered out in both situations, for any particular wavelength range
we are examining, all of the features are losing about the same amount of photons. When we
measurethe equivalent widths of two featuresnear each other, they result from photons of similar
energieswhich experience similar amounts of extinction. Thus, two spectral features near each
other are a�ected by extinction by approximately the same amount. Additionally , for features
examined on their own, the continuum itself experiencesabout the sameamount of extinction as
the spectral line. Thus, although extinction is important when examining large spectral bands, it
doesnot a�ect our measurements of spectral features.

Stars of di�eren t temperatures have di�eren t spectral line strengths. The star's temperature
dictates what energy photons it will radiate most frequently . Each of the spectral lines results
from a certain electronic transition; by absorbing a photon of a certain energy the electron is able
to move into a di�eren t orbital around the nucleus. A star's temperature a�ects the atoms by
determining where the electrons are located with respect to the nucleus. For example, a star of
a certain temperature may have a certain ionized element. This meansthat the star is radiating
photons of a high enoughenergy that an electron can separatefrom the atom. Ionization prevents
other transitions from occuring as frequently , as there are fewer electronspresent in the atom. For
example, if all the electronsare free, separatefrom the atom, there cannot be an electron transition
betweenatomic energylevels,such asabsorbinga photon to move from energylevel 2 to 3, as there
are no electrons in the initial transition state, 2. Thus, there will not be an absorption feature for
this transition in the spectrum. A star's temperature dictates which transitions will occur and with
what frequency, thus partially de�ning the stellar spectrum.

The relationship between stellar temperature and spectral line strength meansthat spectral
analysiscan help us to determine a star's temperature. This relationship is not precise;by looking
at a certain equivalent width we cannot con�dently convert this into a temperature. We usedthree
lines, Fe I at 6200 �A, V I at 6199 �A, and V I at 6216 �A (seeFigure 5). As temperature increases,
the 6200 �A iron line equivalent width increaseswith respect to the two vanadium lines (Padgett
1996). In principle, we only needonetemperature-dependent spectral feature to derive stellar tem-
perature. For example,we can seein Figure 5 that the 6199 �A vanadium line clearly changeswith
respect to temperature. However, using multiple lines can help to eliminate somesystematic errors.
If we derive spectral temperature basedpurely on the 6199 �A feature and we mismeasurethe line
due to a noisy spectrum or a misplaced continuum, we would derive an inaccurate temperature.
However, by using the ratio of two features' equivalent widths, this systematic error cancelsout,
and we derive a more accurate stellar temperature.

We �rst looked at spectra of stars of known spectral type in IRAF, measuringthe equivalent
widths of their vanadium and iron lines. Plotting theseratios with respect to temperature, we used
a line �t to create an equation relating the iron line strength to that of the two vanadium lines.
The linear �t matched the data well for a certain range of equivalent width ratios determined by
eye (see Figures 6, 7). Thus, in our derivations of e�ectiv e temperature, we can only use these
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Fig. 5.| Absorption lines change in strength with temperature. As temperature increases(top
to bottom) the Fe I (6200 �A) line increaseswith respect to the two V I lines, (6199 and 6216 �A).
There is a clear relationship betweentheseline ratios and temperature.

e�ectiv e temperatures for certain spectral line ratio values.

For 0.1 � V 6199
F e6200 � 0.8:

Tef f = � 1905:6 �
V6199
F e6200

+ 6218:63 (6)

For 1.0 � F e6200
V 6216 � 2.5:

Tef f = 753:767�
F e6200
V6216

+ 4257:69 (7)

To determine e�ectiv e temperatures we took the appropriate iron and vanadium equivalent
widths and input them into the equations. Wealsoassumedan equivalent width error of ten percent
to derive the spectral e�ectiv e temperature uncertainties. If the lines were not within the range
for either of the ratios, we could not calculate an accurate temperature value from the spectrum.
When the 6199/6200and 6200/6216ratios wereboth applicable, we had to �gure out which wasthe
better one to use. Plotting them against each other showed that the two were not linearly related,
as we had hoped (seeFigure 8). If they were linearly related, we could have usedeither ratio. The
di�erence in the two derived temperatures most likely results from the di�cult y of measuring the
appropriate equivalent widths (seeFigure 9). Many spectra werevery noisy; others had broadened
lines that overlapped with other spectral features, giving misleading equivalent widths.

Sincethe two derived temperatureswerenot in fact interchangeable,weneededto decidewhich
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Fig. 6.| Linear �t for V 6199
F e6200. This �t was derived from the equivalent widths and known temper-

atures of spectral standards.

Fig. 7.| Linear Fit for F e6200
V 6216 . This �t was derived from the equivalent widths and known

temperatures of spectral standards.
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Fig. 8.| The two e�ectiv e temperatures derived from the two vanadium and iron ratios are
not linearly related. We cannot use whichever derived temperature we want as the two are not
interchangeable. Thus, we must �gure out a method to pick which ratio equation results in the
most accurate derived e�ectiv e temperature

Fig. 9.| Theseare two of our candidates' spectra in the wavelength rangeswe wereusing to derive
e�ectiv e temperatures. As you can see, it is nearly impossible to get accurate equivalent width
measurements, and thus nearly impossibleto get accuratee�ectiv e temperatures, from spectra like
these.
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to use when the star's spectral line ratios were within the ranges of both e�ectiv e temperature
equations. By comparing the spectra of our candidate stars to ones of standard spectral type,
broadened by a speci�ed amount, we could examine features and approximate our candidate's
spectral type. We examinedwhich ratio's derived temperature most often agreedwith our spectral
comparison conclusion. The ratio whose e�ectiv e temperature most often coincided with that
inferred from spectral comparisonwas F e6200

V 6216 . Thus, when we had derived temperatures from both
line ratios, the F e6200

V 6216 temperature was usedas it was deemedmore accurate.

3.1.3. Choosing an E�e ctive Temperature: Color Index or Spectral Ratio?

Now that we had an accurate e�ectiv e temperature from spectral analysis, we comparedit to
that from the color index. Which derived temperature is the most accurate? Both have their 
a ws;
the color index measurement can be reddened,and the spectral analysismeasurement is dependent
on the ratios being within the appropriate range and the star having a clear spectra, with distin-
guishablefeaturesand a high signal-to-noiseratio (see3.1.2). With broadenedor noisy spectra, it
is very di�cult to get accurate equivalent widths, resulting in uncertain derived temperatures.

Our �rst step wasto seehow closethe two derived temperatureswereby plotting them against
oneanother (seeFigure 10). Our spectral ratio derived temperaturesand color index temperatures
di�ered greatly from each other. Ideally, the plot of thesetwo temperatures would be linear, as we
would determine the sametemperature for each candidate from both formulas. Woefully, our two
formulas result in quite di�eren t e�ectiv e temperatures, ranging from little variation to a di�erence
of 2000K. Much of this di�erence is due to interstellar reddening, which results in a cooler derived
color index temperature. However, those stars whosecolor index temperature was much greater
than their spectral temperature require more analysis. There is no clear reasonfor their tempera-
ture disparity. One possibleexplanation is that the spectral lines are blended or noisy, providing a
misleadingly cool derived temperature.

The di�erences between the two temperatures had no particular pattern; thus, we ended up
examining each candidate's spectrum individually to selectthe appropriate temperature. We went
through each spectrum, comparing it to those of spectral type standards, to determine which tem-
perature choicewasmore accurate. Studying a candidate's spectrum, we selectedthe standard star
whosespectrum matched up the best. We then comparedthe derived temperatures to that of the
chosenstandard star. Whichever matched the best was selected. If neither matched, we selected
the temperature determined by observational comparisonwith the spectral standards. Candidates
with e�ectiv e temperatures found through spectral comparisonhave no e�ectiv e temperature error.
Thesederived temperatures are listed in Tables2 and 3.

This systematic analysis allowed us to identify reddenedstars, those whosespectral tempera-
ture appearsto be much hotter than that determined by the color index. Rather than just picking
out stars whosecolor index e�ectiv e temperature was much smaller than that of the line ratio, we
examinedeach of thesespectra individually , ensuring that the star was in fact hotter than the color
index indicated.
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Fig. 10.| Comparing the e�ectiv e temperatures derived by color index and spectral ratios. We
can clearly seethat the two derived temperatures di�er from each other, and thus cannot be used
interchangeably. Thosecandidatesplotted below the line marking derived temperature equality are
likely victims of interstellar reddening, where interstellar dust and gasmake a star appear redder
and cooler than it actually is. This phenomenondoes not a�ect our spectral analysis derived
temperatures.

3.2. Age from x-ra y Emission

Now that we had stellar e�ectiv e temperatures,we could start to useour three agediagnostics.
By examining the x-ray luminosity of our candidate stars we can roughly distinguish post T Tauris
from older stars. To derive the x-ray luminosity, we usedata from ROSAT, which provides us with
x-ray count rates and two hardnessratios, each relating di�eren t x-ray energies.Soft x-rays have
a longer wavelength than hard x-rays; they are lower energy photons. The hardnessratio is the
ratio of high energyphotons to low energyphotons. The variablesA through D represent the count
rates in di�eren t energy ranges;A is from 0.1 to 0.4 keV, B from 0.5 to 2.0 keV, C from 0.5 to 0.9
keV, and D is from 0.9 to 2.0 keV (Schmitt et al. 1995). To convert a count rate to a 
ux, we must
usethe appropriate hardnessratio.

H R1 =
B � A
B + A

(8)

H R2 =
D � C
C + D

(9)

The count rate tells us how many x-ray photons we receive from the star; however, thesephotons
are of various energies. By telling us the proportion of high and low energy x-ray photons, the
hardnessratios provide us with a more accurate value for x-ray 
ux, rather than us assumingjust
one particular energyvalue for each photon.
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Schmitt, Fleming, and Giampapa (1995) analyzethe relationship betweenthe count rates and
x-ray 
ux for low-mass stars in the vicinit y of the Sun. We adopted some of their methods to
analyzeour own candidate stars as, similar to our research, Schmitt et al. focusedupon K and M
stars. Of the two hardnessratios provided by ROSAT, Schmitt et al. selectedhardnessratio 1.
We also used the �rst hardnessratio as much of the x-ray emissionis thought to originate in the
stellar corona, which primarily radiates in soft, lower energyx-rays (Schmitt et al. 1995). Schmitt
et al. took certain stars with accurate x-ray photon counts and used spectroscopy to estimate an
x-ray 
ux. This resulted in an equation relating counts and x-ray 
ux through a conversion factor
(CF), which they then put in terms of the hardnessratio.

CF = (5:30HR1 + 8:31) � 10� 12 ergcm� 2 count � 1 (10)

Plugging in our ROSAT hardnessratio and our count rates, we used this conversion factor and
hardnessratio relationship to derive the 
ux rates for each candidate star.

Fx = CF � (Count Rate) (11)

To determine whether or not our candidates are post T Tauris, we must compare the x-ray
luminosity to the bolometric luminosity. For x-ray comparisonpurposeswe derive bolometric lumi-
nosity from the J band magnitude from 2MASS. The J, H, and K band infrared photons underwent
similar patterns of extinction as the x-ray (Schmitt et al. 1995). We can usethese2MASS magni-
tudes to derive an accurate bolometric luminosity, with comparableextinction to x-ray photons.

In the infrared, interstellar dust results in extinction. Metallic atoms, both gaseousand solid,
causex-ray extinction (Casanova et al. 1995). Although they have di�eren t origins of extinction,
coincidentally , the near-infrared (J, H, K) band extinction crosssection and x-ray band extinction
cross sections are approximately equal, as we observe in Figure 11 (Casanova et al. 1995). By
deriving the bolometric luminosity from the J magnitude, we have the sameamount of extinction
asin our calculation of the x-ray luminosity. When we calculate the luminosity ratio, the extinction
factor will cancelout. If we were to derive the bolometric luminosity from another spectral band,
such as the typically used V band, we would have to account for the varying levels of extinction.
The V band photons will be �ltered out through extinction more than the x-ray radiation, making
it necessaryto approximate how much extinction each band undergoes,and complicating our cal-
culations. Using the J band to determine the bolometric luminosity increasesour ratio accuracy,
as it is not corrupted by a di�eren t extinction rate.

In addition to the convenient extinction relationship, we also chooseto derive the bolometric
luminosity from the J band becauseof the accretion disk. Even though post T Tauris do not nec-
essarilyhave a large disk, it makessenseto account for any potential corruption from surrounding
dust. This extinguishing material in disks, and other interstellar dust particles, radiates in the
infrared, where the J band is located. However, the J band itself is at the high energy end of the
infrared. Other infrared bands, the H (1.6 � m) and K (2.2 � m) bands, are sensitive to the infrared
excessfrom the disk. This sensitivity is clear when we examineWien's Displacement Law.
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Fig. 11.| The extinction cross sections for 1 and 2 keV x-ray photons and the J and H near-
infrared bands are plotted with respect to the total extinction, as computed by the universal
extinction law. The x-ray crosssection is derived from the ROSAT count rate. This diagram shows
that the x-ray and infrared extinction crosssectionsare within a factor of 2 for all of the bands,
and approximately equal in the J band. This equality meansthat the extinction in the J and x-ray
bands are approximately equal. Thus it makessenseto useJ to derive the bolometric luminosity,
as in a ratio of L x to L bol the equal amount of extinction will cancelout (Casanova et al. 1995).

For � max in meters and temperature (T) in kelvins:

� max =
2:898� 10� 3

T
(12)

The H and K band radiation is associated with temperatures from 1300to 1800K, while that from
the J band is around 2600K. The temperatures associated with the J and H band are higher than
those associated with accretion disks, while the K band temperature is not (Casanova et al. 1995).
Thus, the near-infrared emissionwe receive in the J and H bands are most likely predominantly
from the star, not the disk. Of these two bands, we selectedthe J band, as its extinction cross
section is the closestto that for x-ray photons.

To derive the bolometric luminosity from the J magnitude, we must determine the bolometric
correction (BC). The BC is di�eren t for each spectral band. Primarily , the recordedcorrection is
that in the V band. To determine the bolometric correction, we examined those from Schmidt-
Kaler as quoted in Lang (1991). Each spectral type had a listed e�ectiv e temperature, bolometric
correction, and various color indices. We can determine the bolometric correction in the J band
using the simple bolometric luminosity equation for the V band in di�eren t incarnations.

M bol = M V + B CV (13)

M bol = M J + B CJ (14)

B CJ = B CV + M V � M J (15)
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M V � M J = mV � mJ (16)

B CJ = B CV + (mV � mJ ) (17)

Through the above relationships we now have an equation for the J band bolometric correction in
terms of the V band bolometric correction, and the (V-J) color index. Each e�ectiv e temperature
has an associated bolometric correction in the V band. We can �nd the BCV for each candidate
from the data in Lang (1991) using the derived e�ectiv e temperatures (see3.1).

To convert the apparent bolometric magnitude of our candidates to a 
ux ratio, we used the
distance modulus. The solar 
ux is 1:37 � 106 erg cm� 2 s� 1 and the solar apparent bolometric
magnitude is -26.952.

mbol = mJ + B CJ (18)

mbol;� � mbol = 2:5 log
F
F�

(19)

F = F� � 10
m bol; � � m bol

2:5 (20)

Flux is proportional to D � 2, where D is the distance to the star. As our x-ray and bolometric

ux both originate from the samestar, the distanceproportionalit y cancelsout, leaving luminosity
values.

Fx

Fbol
=

L x

4� D 2

4� D 2

L bol
=

L x

L bol
(21)

This L x to L bol ratio indicates whether or not a star is of an appropriate post T Tauri age. Stars
of 10 to 100 million yearshave a characteristic log L x

L bol
ratio of about -4.0 (seeFigure 2, Feigelson

et al. 2003). By comparing our candidates' luminosity ratios to the characteristic one, we can
approximate their stellar age, and thus, whether or not they are of rough post T Tauri age, as
opposedto being much older.

3.3. Age from Lithium Abundances

X-ray emissionanalysis is a good technique for distinguishing stars of 105 to 108 years from
very old stars. However, to get more preciseagemeasurements, we look to other techniques, such
as lithium analysis. There is no preciseequation relating ageand lithium abundance. However, we
can get a generalidea of stellar ageby comparing stars of similar temperatures,aslithium depletion
rates vary with respect to e�ectiv e temperature (see1.2.2). With the temperatures derived from
the color index and spectral analysis, we can compare our candidates to other stars known to be
young.

To determine whether or not a star had a large amount of lithium, we compared it to stars
in the open clusters IC 2391 and 2602 basedupon its e�ectiv e temperature. By comparing our
candidates to the pattern of lithium depletion based upon their e�ectiv e temperature, we could
determine if they were older or younger than our standard stars. These two open clusters are
known to be 30 to 50 million years old (Randich et al. 2001). There also are preexisting studies
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of the lithium abundancesof the stars in theseclusters which provide accurate equivalent widths.
Other stellar groups, such as the Pleiades,have a well known age,but few have as much accurate
lithium information as IC 2602and 2391(Margheim et al. 2003). Additionally , these two clusters
are projected on the sky next to our survey region.

From Randich et al. (2001) we have the e�ectiv e temperatures and lithium equivalent width
for 30 stars in the open clusters over a temperature range of 3540 to 6650 K, appropriate for F,
G, K, and M stars. By comparing our candidates to theseopen cluster stars, we could seeif they
were of post T Tauri age.

As you can seein Figure 12, there appears to be a downward trend at higher temperatures
for depleted lithium. However, these stars do not have convective zonesdeep enough to destroy
lithium. For thesestars earlier than G0, much of the lithium is ionized. Ionized atoms have released
electrons. As free electrons do not absorb photons, the lithium absorption lines in hot stars with
ionized lithium appear weaker, despite the fact that the stars are not depleting lithium (Wichmann
et al. 2003).

We de�ned an upper and lower envelope of open cluster lithium equivalent widths (seeFigure
12). A candidate that fell within the two envelopes was most likely of similar age to the cluster
stars themselves,30 to 50 Myrs. Above the upper envelope, the stars had large equivalent widths
and were likely younger than the clusters. Below the lower envelope, the lithium abundancewas
small, and the candidate stars were deemedolder than the clusters.

3.4. Age from an H-R Diagram

Just asit wascritical for our lithium analysis,a valid e�ectiv e temperature value is very impor-
tant to get an accuratestellar agereading from an Hertzsprung-Russelldiagram. Equally important
is an accurate stellar luminosity. To derive a luminosity, we require a stellar distance. Inaccurate
distance assumptionsand e�ectiv e temperatures can greatly a�ect our readingsof stellar agefrom
the Hertzsprung-Russelldiagram, making this the most uncertain of our three age determination
methods.

3.4.1. Distance Assumptions

When we observe these stars, we receive the 
ux. This 
ux is a�ected by our distance from
the star; a greater distance from a star with a speci�c luminosity means less 
ux. We want the
star's luminosity, which is independent of distance and related to 
ux as follows:

F =
L

4� D 2 (22)

As our 
ux value, we usedthe V band apparent magnitude from the Tycho-2 catalogue. To convert
to luminosity from apparent magnitude values,we had to �rst convert from the Tycho magnitude
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Fig. 12.| Comparing lithium abundances.The stars from the two open clusters, IC 2391and 2602,
are plotted basedupon their lithium abundanceand e�ectiv e temperature (data from Randich et
al. (2001)). Candidate stars that fall within the demarcatedregion are consideredabout the same
ageas the two clusters; stars above are younger, and stars below are older.
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system to the standard, Johnson-Cousins,as seenin equation 2.
Once we had apparent magnitudes in a standard format, we converted to bolometric magni-

tudes using the appropriate bolometric correction, found from Schmidt-Kaler (1982), as quoted in
Lang (1991).

mbol = mappar ent + B C (23)

Next, we calculated the absolute magnitude from the apparent magnitude, using the distance
modulus. This is where our distance assumption comesinto play.

M bol = mbol + 5log
10pc

d
(24)

As these equations show, a distance assumption that is too large will result in a star with a very
small M bol, implying that it is very luminous. This makessense,sinceif we think a star is very far
away it must be very luminous to be observable. Similarly, if our distance assumption is too small,
we will calculate a larger M bol, implying that the star is only bright becauseit is closeby.

Once we have our absolute bolometric magnitude, we can derive the luminosity through a
simple comparisonwith our sun, which has M � = 4:76.

M � � M bol = 2:5 log
L bol

L �
(25)

L bol = L � � 10
4:76� M bol

2:5 (26)

We now have a stellar luminosity, basedupon our observed stellar V band apparent magnitude and
an assumeddistance. Combined with our derived e�ectiv e temperatures,we can plot our candidate
post T Tauris upon a Hertzsprung-Russelldiagram to determine their stellar agefrom isochrones.

3.4.2. Isochronesand Evolutionary Tracks

Through distanceassumptionsand e�ectiv e temperature derivations, wecanplot our candidate
stars upon a Hertzsprung-Russelldiagram.This plot can show us which life stagea particular star
is in, basedon its position in relation to isochrones,evolutionary tracks, and the main sequence.

We used the isochrones derived by Palla & Stahler (1999). These isochrones begin from an
initial protostar model evolving onto the main sequence. Internal rotation, winds and magnetic
�elds are neglected, and the star is assumedto be a sphere of constant mass. The models also
assumethat only hydrogen and deuterium fusion occurs (Palla & Stahler 1999). This modeling
was also used to determine evolutionary tracks, a plot of how the star of a certain massdevelops
over its lifetime.

When examining these isochrones and tracks, it is important to keep in mind that there are
many di�eren t derived evolutionary paths. Thus, for any star, there is a range of massesand ages
depending upon which tracks and isochrones one uses. There is not yet one standout set of data
that matcheswell with massand agevaluesfound from orbital dynamics and other methodologies
(Hillenbrand & White 2004). However, tracks are su�cien tly well calibrated to separatePMS from
main sequencestars.
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3.4.3. The Main Sequence

Isochronesand evolutionary tracks are not the only way to determine a star's life cycle stage.
Throughout their evolution, stars make energyin di�eren t ways. The main sequenceis madeup of
stars undergoinghydrogen fusion. As a star reachesthe main sequence,it relies lessand lesson the
potential energyreleasedin gravitational contraction to prevent gravitational collapse. Luminosity
is proportional to the squareof the stellar radius. It is also proportional to the temperature to the
fourth power.

L = 4� R2� T4 (27)

Thus, of two stars with similar e�ectiv e temperatures, whichever has the larger radius is more
luminous. In the transition to the main sequence,somestellar properties change. Main sequence
stars have higher temperatures sue to gravitational collapse. However this processalso shrinks
the stellar radius (Zeilik & Gregory 1998). A PMS stellar radius is so much larger than that of a
main sequence(MS) star that the lower PMS temperature doesnot have as large an e�ect, making
a PMS star more luminous than an MS star (Zeilik & Gregory 1998). Thus, post T Tauris are
approaching the main sequencefrom higher luminosities and lower e�ectiv e temperatures.

Our candidate stars should be located in the characteristic position of a post T Tauri star in
relation to the main sequence.If they are in drastically di�eren t positions, it is possiblethat they
are not of the appropriate stellar age to be post T Tauris. However, as the Hertzsprung-Russell
diagram is the most inaccurate of our three agedetermining methods, stars that may have incorrect
H-R positions but abundant lithium and an appropriate amount of x-ray emissionmay still be post
T Tauris at distancesdi�eren t from those we assumed.

To get a better idea of which stars are post T Tauris we must look at how all of the results
from the various techniques correlate, i.e. which stars are con�rmed post T Tauris in all three
methods? In the next section, we combine our �ndings from each stellar agediagnostic.

4. Results

We have outlined our various methods for determining stellar age. Each of thesemethods has
its own associated uncertainties. To determine whether or not a candidate is a post T Tauri, we
must combine the �ndings from our e�ectiv e temperature, x-ray, lithium, and Hertzsprung-Russell
analyses.Examining the results from our various techniques together, we can get a better idea of
stellar distancesand, most importantly , stellar age.

4.1. Findings from Hertzsprung-Russell Diagram

The Hertzsprung-Russelldiagram theoretically provides the most accurate and precisestellar
age measurements. However, due to the uncertainties in our derived e�ectiv e temperatures and
luminosities, our Hertzsprung-Russelldiagram doesnot tell us as much as we would like.
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4.1.1. Interstel lar Reddening

Oneof the two primary uncertainties that arosein our Hertzsprung-Russellplot wasin e�ectiv e
temperature. Weidenti�ed 21of 138starsasbeingreddenedthrough spectral comparions(seeTable
1). Knowing which stars are reddenedis critical for our Hertzsprung-Russelldiagram (see4.1.2).
Inaccurate temperatures can lead to inaccurate stellar agemeasurements, so knowing when a star
is reddenedis critical for our distance and isochrone analyses.

4.1.2. Distances

To plot our candidates upon a Hertzsprung-Russelldiagram, we had to assumea stellar dis-
tance. Initially , we assumedthe distance to the Lower Centaurus Crux, a subgroup of the Sco-Cen
OB association, at 118pc (de Zeeuw et al. 1999). We chosethis distanceasthe stars wereprojected
near this OB association upon the sky. In our plot, many of the stars fell below the main sequence.
Only white dwarfs appear below the main sequence;post T Tauris should be approaching the main
sequencefrom above. This implies that we had either selectedtoo small a distance, providing too
small of a luminosity, or the stars were reddened,resulting in an inaccurately low e�ectiv e temper-
ature.

We examined the stellar spectra to seeif these stars were reddenedby interstellar material;
four of the 20 stars below the main sequencewere reddened(seeFigure 13). Thus, the problem for
at least 16 of thesestars lay in the derived luminosity. Assuming a distance of 118pc provided too
small a luminosity value as it was too small a distance. Thesesamplestars are farther away than
Lower Centaurus Crux.

In an e�ort to better understand the maximum stellar distance, we made a seriesof H-R di-
agrams with various distance assumptions. Three of the original target stars, HIP 33111,33455,
and 46063,are at a distanceof around 85 pc, too small a value for our candidates. The fourth star,
HIP 48558,is at a distance of 135 pc. This distance also still had somecandidatesbelow the main
sequence,so we tried 150 pc. For the 150 pc H-R plot, all but six of the stars are above the main
sequence.Of thesesix stars, one appears to be reddened(seeFigure 13). 150 pc is more accurate
than 85, 118, and 135 pc as an approximate stellar distance.

Although 150pc is a better distanceassumption than 118pc, there are still stars falling below
the main sequence.However, the stars were not systematically shifted below the main sequence.
Many fell above the main sequence,where post T Tauris ought to appear. Overall, the placement
of candidateson the H-R diagram showed us that, if we assumethe candidateshave similar ages,
these stars are at a large range of distances (see 4.3). Assuming one distance to them will not
provide an accurate stellar age reading. To have the most accurate Hertzsprung-Russelldiagram
possible,we needan accurate distance value for each individual star, something we simply do not
have (see4.3).
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Fig. 13.| Hertzsprung-Russelldiagram for all candidates. The stars that have undergoneinter-
stellar reddening are marked in red. The top plot assumesa stellar distance of 118 pc. The large
majorit y of stars are above the main sequence.However, there are many stars that have not under-
gonereddening but are below the main sequence,implying that they are undergoing temperature
or luminosity shifts due to another assumption. The �gure below is a Hertzsprung-RussellDiagram
for all candidates, assuminga stellar distance of 150 pc. Only one star under the main sequence
appears to have undergoneinterstellar reddening.
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Fig. 14.| Hertzsprung-RussellDiagram for the candidateswith the most accurate e�ectiv e tem-
peratures, assuminga distanceof 150pc. The temperatures derived from the color index and from
spectral analysis agreewithin 400 K. If our distance assumption is accurate, thesestars appear to
be post T Tauris.

4.1.3. Hertzsprung-Russell Diagram for the Best Sample

Our Hertzsprung-Russelldiagram had two large uncertainties, distance and temperature. We
tried to cut down on the errors by plotting a diagram for all those stars that had accurate temper-
atures. A star was de�ned to have an accurate temperature when the temperatures derived from
the color index and spectral analysis were within 400 K of each other. The temperatures also had
to agreewith those found through comparison with spectral standards. Of the 138 sample stars,
24 stars met thesequali�cations.

When plotted upon an H-R diagram assuminga distance of 150 pc, all but one of thesestars
was above the main sequence(seeFigure 14). This candidate was on or above the main sequence
within error bars. If the assumeddistance is correct, the majorit y of the stars were in between10
and 30 million yearsold, accordingto the isochrones. However, there wasan overall agerangefrom
3� 106 to 108 years. Until we know the true distancesto thesestars, the H-R diagram provides us
with only a generalidea of stellar ageand doesnot by itself show that theseare not main sequence
stars.
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4.2. Findings from x-ra y analysis

As the Hertzsprung-Russelldiagram proved to be very uncertain, we looked to other methods
to con�rm stellar age. X-ray luminosity is a very rough post T Tauri identi�er as the post T Tauri
rangeof ratios also includesyoungerstars, such asclassicalT Tauri stars. Of the 138samplestars,
119 had log(L x=Lbol) between -3.0 and -5.0, appropriate values for a post T Tauri (seeTable 2).
Thesestars are likely younger than 109 yearsold; they could be as young as a classicalT Tauri or
as old as a zero-age-main-sequencestar.

4.3. Findings from Lithium analysis

Through x-ray emissionstudies,we had a group of 119stars that wereplausibly post T Tauris.
To follow up on this, we examinedthe stars' lithium spectral features. From the open cluster data,
we had a general idea of how temperature and lithium abundance relate. We then used this
relationship from IC 2391and 2602data to estimate the amount of lithium each candidate would
have to be of the open cluster age. Using this method, we found 49 stars with a high amount
of lithium, i.e. an equivalent width greater than the upper bound on the open cluster estimate
(seeTable 3). Thesestars are possibly younger than 30 million years, which is the lower limit on
the ageof IC 2391and 2602. We also identi�ed 10 stars with medium lithium abundance,i.e. in
between the upper and lower envelope of the open cluster lithium data (see Figure 12). A star
with a medium amount of lithium is approximately the sameage as the two open clusters, 30 to
50 million yearsold.

Cross correlating these lithium results with the Hertzsprung-Russell diagram con�rms our
hypothesis that the stars are at a range of distances. Stars with medium to high amounts of
lithium are in many di�eren t areasof the plot; someareabove the main sequence,in the appropriate
location for a post T Tauri star (seeFigure 15). Others are below the main sequenceor far above
it. This further proves that our candidatesare at a range of distances,as stars theorized to be of
similar agesshould appear on similar isochronesupon an H-R diagram. Becausewe do not know
the distancesto thesestars, our luminosity valuesare not as accurate as we would like, spreading
candidatesthat may be of similar luminosity but di�eren t distancesall over the plot (see4.1.2).

We also examined the x-ray 
uxes of these stars with abundant lithium. Of the 49 stars
with abundant lithium, 43 had a ratio of x-ray to bolometric luminosity from 10� 5:0 to 10� 3:0 (see
Table 4 and Figure 16). All of these stars selectedfor their lithium abundanceand log(L x=Lbol)
have log(L x=Lbol) greater than -4.0. Not only do these stars have abundant lithium, but their
log(L x=Lbol) implies stellar youth as well. While it is not clear that thesestars are post T Tauris,
it is clear that they are young.

We tried to get a better idea of the range of stellar distances by examining these 43 stars
with abundant lithium and appropriate log(L x=Lbol) values. These properties point to the stars
being from 30 to 100 million years old. Thus, they should appear between these two isochrones
on a Hertzsprung-Russelldiagram. With a distance assumption of 150 pc, about six candidates
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Fig. 15.| Hertzsprung-Russelldiagram for all candidates,assuminga distance of 150 pc. Unlike
the 118pc H-R diagram, few stars appear below the main sequence,implying that 150pc is a good
assumption for the maximum stellar distance. Onceagain, this plot shows that our candidate stars
are at a wide range of distances.
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Fig. 16.| Hertzsprung-RussellDiagram for candidateswith log(L x=Lbol) of the characteristic value
and abundant lithium, assuminga distance of 150 pc.

Fig. 17.| Hertzsprung-Russelldiagram for candidateswith log(L x=Lbol) of the characteristic value,
abundant lithium and accurate temperatures, assuminga distance of 150 pc.
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were in the appropriate location. Somestars were below the main sequence;for thesewe assumed
a distance greater than 150 pc. For those far above the main sequencewe assumeda distance less
than 150 pc. We examinedwhat the derived stellar luminosities would be for thesecandidatesfor
a distance range of 50 to 180 pc. For 32 of thesestars, distanceswithin this range put them in the
appropriate isochrone region. Someof the stars required distance assumptionslessthan 50 pc; for
11 stars our smallest distance assumption still put them above the main sequence(seeTable 5).
Others are at distancesof more than 150pc. This analysisclearly shows that thesecandidate post
T Tauris are at a range of distances,from lessthan 50 to more than 180 pc.

Of these49starswith both abundant lithium and � 3:0 � log(L x=Lbol) � � 5:0, 11had accurate
e�ectiv e temperatures (seeTable 6). When positioned between30 and 100million year isochrones,
these stars were at a range of distances from less than 50 to 150 pc. It is theorized that these
candidatesmay be members of the Gould Belt, a ring of stars in OB associations at an incline to
the galactic plane (de Zeeuw et al. 1999). The Gould Belt is around 60 million yearsold, meaning
the stars within it are at most this age (Wichmann et al. 1997). If our candidates are within
the Gould Belt, we have an upper limit on their stellar age that indicates that they are plausibly
post T Tauris. Nine of these stars with abundant lithium, log(L x=Lbol) in the appropriate range,
and accurate e�ectiv e temperatures have approximate distances, as derived through kinematic
comparisonwith the Gould Belt.

To derive distances we compared the candidates' radial velocities predicted by the Gould
Belt's kinematic properties to thosemeasuredthrough spectral analysis. For the nine post T Tauri
candidates, the di�erence between the theorized and measuredradial velocities di�er by at most
1.4� . Most have errors lessthan one � , meaning that the predicted and derived kinematics agree
within their uncertainties (Mamajek, personalcorrespondence). This implies that thesenine stars
are likely members of the Gould Belt. Kinematic analysis using the Gould Belt placesthese nine
stars at a rangeof distances,from 48 to 175pc, which is similar to the rangeof distanceswe found
in our rough distance analysis.

Although the stellar luminosity is uncertain, we feel con�dent that at least seven of these
11 stars are post T Tauris. When these 11 stars were plotted on a Hertzsprung-Russelldiagram
assuminga distance of 150 pc, they were in an isochronal age range of 3 � 106 to 108 years old.
Seven of thesestars were between107 and 108 years, the appropriate agerange for a post T Tauri
(seeFigure 17). Six of theseseven stars are plausibly membersof the Gould Belt, meaningthey are
at most 60 million yearsold. They have the characteristic log(L x=Lbol) of post T Tauris, in addition
to a lithium abundanceimplying an ageof around 30 million years. Although their positioning on
the Hertzsprung-Russelldiagram is not exact, the results from x-ray and lithium analysis imply
that thesestars are in about the right location and are post T Tauris.

5. Conclusion

Integrating thesethree systemsof analysis shows great promise. Out of a sampleof 138 stars
wearecon�dent that at least sevenof them arepost T Tauris. Thesesevenstars had both abundant
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lithium and a log(L x=Lbol) between -3.0 and -5.0. They also had accurate e�ectiv e temperatures
that, when combined with a distance assumption of 150 pc, placed them above the main sequence
on our Hertzsprung-Russelldiagram. Additionally , at least 25 are more than likely post T Tauris,
as they have both abundant lithium and a log(L x=Lbol) within the appropriate range. However,
sincewe do not have accuratee�ectiv e temperaturesor distancesfor thesestars, we cannot con�rm
agewith a Hertzsprung-Russelldiagram.

Thesestars make excellent candidatesfor research with Spitzer SpaceTelescope. Spitzer takes
imagesand spectra in the infrared, allowing it to look closelyat and within stellar accretion disks.
As T Tauri stars may have planets developing within their accretion disks, using Spitzer to observe
our candidates can potentially identify substellar companions. Post T Tauris may already have
developed companions. Thus, locating them could prove invaluable for planetary searches, as it
greatly narrows down the areasof the sky researchers needto study.

Our post T Tauri analysis can only improve with time. Through more kinematic research we
candetermine the distancesto thesecandidates,greatly improving the accuracyof our Hertzsprung-
Russell diagram. Additionally , by examining more stellar lines, we may be able to come up with
more preciserelationships between stellar features and temperature. By increasing the accuracy
of our Hertzsprung-Russelldiagram, we may be able to con�rm the results of x-ray and lithium
studies. As it stands now, it is a good method for identifying stars for further planetary research.

I would like to thank my advisor, Eric Jensen, for his patience and invaluable advice. He
exorcisedmy computer demons and taught me more than I thought possible. I would also like
to thank Christopher Burns and David Cohen for their helpful advice and aid throughout this
process. Lastly, I would like to thank the other Astrophysics majors, Cameron Higby-Naquin,
Nathan Shupe, and Lauren Willis for always keeping me entertained during those long nights in
the laboratory.

A. App endix

As they are hypothesizedto have developing planetary systems, locating post T Tauri stars
can improve the e�ciency and e�ectiv enessof planet searches. To better understand why post
T Tauris are plausible planet hosts, we must better understand how the substellar companions
themselvesdevelop.

A.1. Substellar Companions

Classical T Tauri stars are hypothesizedto evolve into weak T Tauri stars. Inherent in this
hypothesis is that CTT stars losetheir disk somehow. It is theorized that the disk could dissipate
out. The material in the disk can also clump due to instabilities, potentially forming substellar
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companions. There is a wide rangeof agesfor the disk to disappear; the post T Tauri evolutionary
state is within this agerange and thus, may have new planetary systems.

Stars and their companionsform concurrently , so �nding a young star implies that there may
be a smaller developing body nearby. As these substellar companions are not large enough to
sustain fusion, they radiate energy only from gravitational collapse. Thus, as these companions
age,they radiate lessand less,making them increasinglyhard to detect. Locating theseyoung stars
can help us �nd substellar companionswhile they are more easily observed. Even if the companion
is no longer luminous, by narrowing down whereto search for planets, we can more e�cien tly apply
our planetary search methods, which do not necessarilyrely on a companion being luminous.

A.1.1. Brown Dwarfs

Brown dwarfs are created from gravitational collapse,similar to a standard star. As sections
of a giant molecular cloud reach the Jeansmass,the gravitational force is strong enoughto rapidly
pull in surrounding material. This densecollection of material, known asa protostar, heatsup and
radiates within the surrounding dust and gasfrom its parent cloud.

As the star forms, its massdetermines its evolutionary path. The brown dwarf is a special
caseof substellar companionsas it is simply a very small star, about 1 to 8 percent of stellar mass
(Jakosky 1998). As these low masscloud sectionscollapse,they emit their gravitational potential
energyas radiation; when young, thesedwarfs can be more luminous than our sun (Jakosky 1998).
However, once they have collapsed,they give o� very little light, as they are not massive enough
to sustain nuclear fusion. Thus, the best way to �nd thesebrown dwarfs is at early stagesin their
development, when they are still luminous.

Brown dwarfs can form in tandem to a star or separately. When a cloud collapsesinto a
protostar with a surrounding disk, parts of the disk can collapseinto dwarfs. As they were formed
in the disk, which has angular momentum about the central protostar body, thesecompanionsend
up in orbit around the larger star. Brown dwarfs can alsocollapsefrom the original cloud material,
rather than that in the disk. These dwarfs are formed separately from the larger star; however,
they can be captured by the larger star's gravitational force and pulled into a companion orbit.

A.1.2. Planets

Brown dwarfs form from the collapseof molecular clouds like a star and potentially separate
from the host star. Planets are di�eren t, developing within the surrounding disk of the host
protostar. As the section of cloud collapsesinto a star, all angular momentum from the cloud's
motion must be conserved in the motion of the protostar (Jakosky 1998). This rotation prevents
the accretion into one single collection of material, as the angular momentum, when collapsedinto
one body would force the body to spin too rapidly, making it break apart. Thus, molecular clouds
with somerotation must collapse into one large central body and a surrounding disk, spreading
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out the angular momentum. Approximately half of all young stars have thesedisks, and all stars
have thesedisks in their preliminary development (Bodenheimer& Lin 2002).

This disk material can both gravitationally collapseand gradually accrete, prompting three
main di�eren t methods of companion formation. First, when the molecular cloud is collapsing
to create a star, parts of it can independently collapseon their own, analogousto the formation
of companion brown dwarfs. The secondmethod of formation stems from a protostar and disk
system. The disk itself can becomegravitationally unstable and prompt collapse into substellar
bodies. Lastly, in the disk small particles can electrostatically accrete on one another to form a
small 'core.' As more and more particles accreteonto this body, its increasingmassmakesit more
gravitationally attractiv e. In this phaseit is known as a planetesimal, and it draws in even more
material through gravit y, eventually accumulating enoughto be considereda planet (Bodenheimer
& Lin 2002).

A.2. Data Tables
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Table 1. ReddenedStars

Tycho Name E�ectiv e Temp Te� Error Color Index Temp Error
K K

8564 2183 1 4899 � � � 4459 28
8561 970 1 5025 � � � 3662 255
8576 789 1 4210 � � � 1902 � � �
8573 1902 1 4419 0 2248 � � �
8577 1672 1 5237 138 4345 90
8582 3040 1 5127 154 4383 288
8586 966 1 5463 170 5266 136
8589 1882 1 5641 195 5479 34
8589 1882 2 5441 167 5266 33
8954 901 2 5580 187 2615 419
8104 991 1 4600 � � � 3527 � � �
7632 629 1 4000 � � � 2615 � � �
8118 871 1 4899 � � � 4614 � � �
8590 1193 1 4825 � � � 3527 389
8584 2682 1 5150 � � � 4232 150
7629 367 1 4210 � � � 2085 � � �
8134 1320 1 4210 � � � 2465 � � �
8946 872 1 5112 120 2384 � � �
7604 1675 1 5496 175 3257 100
6242 104 1 4000 � � � 1774 � � �
8931 2632 1 4505 87 3903 82

Note. | Stars which underwent interstellar reddening. Their e�ectiv e temp er-
ature derived from the B-V color index is much smaller than that from the actual
e�ectiv e temp erature, as derived both from spectral analysis and comparison to
spectral standards.

aStars that have e�ectiv e temp eratures found by comparing the spectrum to
those of standard stars have no Te� Error value.
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Table 2. Stars with appropriate log(Lx/Lb ol) values

Tycho Name E�ectiv e Temperature Te� Error Log(Lx/Lb ol)
K K

8132 2110 1 5543 181 -4.3
8555 1391 1 6241 48 -3.9
8564 1050 1 5479 34 -4.3
8146 809 1 5921 23 -4.5
8142 2481 1 6012 23 -4.4
8564 2183 1 4899 � � � -3.9
8142 1112 1 5140 112 -3.2
8148 41 1 8595 33 -4.5
8148 1222 1 7826 60 -4.0
8161 298 1 7639 29 -4.9
8929 927 1 5266 73 -3.2
8162 1020 1 6335 160 -3.6
8925 536 1 5966 59 -3.8
8162 572 1 6103 107 -3.7
8576 789 1 4210 � � � -3.2
8580 916 1 5266 73 -3.1
8569 2827 1 5135 124 -3.3
8569 96 1 8891 34 -4.8
8573 1902 1 4419 0 -3.6
8163 481 1 6335 73 -3.6
8569 1761 1 5223 93 -3.1
8577 1672 1 5237 138 -3.2
8582 3040 1 5127 154 -3.3
8586 2431 1 5266 73 -3.2
8594 1049 1 5031 109 -3.2
8586 966 1 5463 170 -3.5
8944 874 1 5523 120 -3.3
8591 1338 1 5742 102 -3.2
8595 993 1 5635 194 -3.3
8595 1740 1 5612 191 -3.2
8596 288 1 3560 24 -4.7
9200 446 1 5566 99 -3.5
8953 1126 1 5921 46 -3.8
8941 1786 1 5520 178 -3.2
8589 1882 1 5641 195 -4.7
8589 1882 2 5441 167 -4.3
8946 1225 1 4653 107 -3.1
8946 497 1 7732 47 -4.6
8954 901 1 5742 102 -3.4
8954 901 2 5580 187 -3.4
8954 165 1 5351 74 -3.7
8947 153 1 4575 149 -3.1
8951 289 1 4653 191 -3.2
8525 1068 1 3870 � � � -4.0
7617 549 1 4614 � � � -3.5
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Table 2|Con tinued

Tycho Name E�ectiv e Temperature Te� Error Log(Lx/Lb ol)
K K

7086 425 1 5436 � � � -3.4
8108 1722 1 5436 � � � -3.6
8104 991 1 4600 � � � -3.2
7614 1074 1 4614 � � � -3.3
8116 553 1 4614 � � � -3.5
8108 1211 1 5876 � � � -3.7
7631 1962 1 5016 � � � -3.3
8129 237 1 5436 � � � -3.1
7632 629 1 4000 � � � -3.5
7100 2112 1 5436 � � � -3.2
7636 268 1 5436 � � � -3.3
8545 1758 1 5876 � � � -3.8
8118 871 1 4899 � � � -3.2
8549 141 1 5436 � � � -3.2
8131 1761 1 4419 � � � -3.2
7115 926 1 5436 � � � -3.5
8559 1016 1 5016 � � � -3.0
8120 549 1 7501 � � � -4.3
8559 1292 1 4614 � � � -3.1
7652 441 1 5016 � � � -3.2
8134 1320 1 3527 � � � -3.6
8925 519 1 6335 87 -3.5
8580 128 1 7048 420 -3.5
8568 2196 1 5876 91 -3.4
8568 1663 1 8941 44 -4.7
8160 958 1 5041 110 -3.3
8931 1802 1 8941 44 -4.3
8586 2431 1 5436 80 -3.2
8594 58 1 5016 259 -3.1
8944 874 1 5436 113 -3.3
8940 55 1 8448 43 -4.4
8587 1015 1 5436 195 -3.3
8170 1038 1 5876 52 -3.8
8175 288 1 5876 74 -3.5
8940 2350 1 5016 80 -3.3
8584 2682 1 5150 � � � -3.2
8598 1824 1 5436 66 -3.6
8190 251 1 4614 99 -3.1
8951 289 1 4614 194 -3.2
8951 825 1 5876 66 -3.6
8964 707 1 8448 41 -4.3
8965 111 1 5876 65 -3.9
8965 163 1 5876 149 -3.2
7629 2824 1 5257 164 -3.1
7637 2111 1 4825 � � � -3.6
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Table 2|Con tinued

Tycho Name E�ectiv e Temperature Te� Error Log(Lx/Lb ol)
K K

7629 367 1 4210 � � � -3.6
7644 867 1 5651 197 -3.3
7656 2464 1 4873 238 -3.0
8134 1320 1 4210 � � � -3.6
7362 724 1 5596 189 -3.1
7604 1675 1 5496 175 -3.6
7604 699 1 4987 60 -3.6
8550 1650 1 4419 � � � -3.3
7638 2122 1 6034 69 -3.7
8128 1946 1 5140 70 -3.1
8598 1824 1 5584 68 -3.6
8190 251 1 4800 101 -3.1
6839 501 1 5453 258 -3.1
6839 513 1 4081 270 -3.1
6824 651 1 5850 � � � -3.5
6832 265 1 5889 214 -3.3
6829 252 1 5436 70 -3.3
6825 487 1 4752 207 -3.2
6827 385 1 5579 39 -4.4
7364 217 1 5510 58 -3.6
7382 20 1 5445 68 -3.3
6833 567 1 5966 83 -3.3
6833 185 1 6330 44 -3.5
7846 832 1 4934 63 -3.7
8931 2632 1 4505 87 -3.3
8930 601 1 5406 162 -3.1
8569 2827 1 4419 � � � -3.3
8598 1824 1 5428 165 -3.6
8940 2350 1 4930 80 -3.3

Note. | Stars with the characteristic ratio betweenx-ray and bolometric
luminosit y. These stars are plausibly post T Tauris
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Table 3. Stars with abundant lithium

Tycho Name E�ectiv e Temperature Te� Error Li EW
K K m�A

8142 1112 1 5140 112 214.6
8162 572 1 6103 107 181.2
8580 916 1 5266 73 204.6
8577 1672 1 5237 138 276.6
8582 3040 1 5127 154 285.1
8594 1049 1 5031 109 261.2
8591 1338 1 5742 102 180.1
8595 993 1 5635 194 207.4
8595 1740 1 5612 191 274.8
9200 446 1 5566 99 208.7
8941 1786 1 5520 178 212.9
8945 1078 1 3500 � � � 77.9
8954 901 1 5742 102 190.2
8954 901 2 5580 187 299.7
8951 289 1 4653 191 258.2
7617 549 1 4614 � � � 289.7
7086 425 1 5436 � � � 200.2
8108 1722 1 5436 � � � 180.4
7639 1431 1 3527 � � � 164.4
8118 871 1 4899 � � � 301.2
7652 441 1 5016 � � � 265.9
8594 58 1 5016 259 251.7
8948 974 1 3203 231 39.1
8587 1015 1 5436 195 211.8
8170 1038 1 5876 52 155.2
8940 2350 1 5016 80 343.3
8584 2682 1 5150 � � � 237.8
8951 289 1 4614 194 258.2
8951 825 1 5876 66 136.9
8965 163 1 5876 149 207.0
7629 2824 1 5257 164 391.1
7644 867 1 5651 197 291.8
8142 2291 1 4614 210 358.4
8946 872 1 5112 120 295.4
7362 724 1 5596 189 243.1
7604 1675 1 5496 175 179.6
7604 699 1 4987 60 286.8
8550 1650 1 4419 � � � 361.8
7638 2122 1 6034 69 206.6
8128 1946 1 5140 70 229.5
6824 651 1 5850 � � � 228.3
6829 252 1 5436 70 246.7
6825 487 1 4752 207 437.8
6242 104 1 4000 � � � 492.7
7382 20 1 5445 68 202.7
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Table 3|Con tinued

Tycho Name E�ectiv e Temperature Te� Error Li EW
K K m�A

6833 567 1 5966 83 199.0
8930 601 1 5406 162 315.3
8598 1824 1 5428 165 195.8
8940 2350 1 4930 80 343.3

Note. | Stars with abundant lithium. These stars are lik ely less
than roughly 30 million years old.
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Table 4. Stars with abundant lithium and the appropriate log(L x=Lbol) ratio

Tycho Name E�ectiv e Temperature Te� Error Luminosit y Lum Err Li EW log(L x =Lbol )
K K L � L � m�A

8142 1112 1 5140 112 1.0 0.5 214.6 -3.2
8162 572 1 6103 107 1.4 0.0 181.2 -3.7
8580 916 1 5266 73 2.3 0.1 204.6 -3.1
8577 1672 1 5237 138 1.5 5.3 276.6 -3.2
8582 3040 1 5127 154 0.5 0.1 285.1 -3.3
8594 1049 1 5031 109 0.6 0.1 261.2 -3.2
8591 1338 1 5742 102 1.4 0.0 180.1 -3.2
8595 993 1 5635 194 1.2 0.1 207.4 -3.3
8595 1740 1 5612 191 0.8 0.1 274.8 -3.2
9200 446 1 5566 99 1.3 0.1 208.7 -3.5
8941 1786 1 5520 178 1.2 0.1 212.9 -3.2
8954 901 1 5742 102 1.4 0.0 190.2 -3.4
8954 901 2 5580 187 0.2 0.2 299.7 -3.4
8951 289 1 4653 191 0.7 0.1 258.2 -3.2
7617 549 1 4614 � � � 1.8 0.0 289.7 -3.5
7086 425 1 5436 � � � 1.1 0.1 200.2 -3.4
8108 1722 1 5436 � � � 1.6 0.1 180.4 -3.6
8118 871 1 4899 � � � 2.1 0.1 301.2 -3.2
7652 441 1 5016 � � � 0.4 0.1 265.9 -3.2
8594 58 1 5016 259 0.5 � � � 251.7 -3.1
8587 1015 1 5436 195 0.6 � � � 211.8 -3.3
8170 1038 1 5876 52 3.4 � � � 155.2 -3.8
8940 2350 1 5016 80 1.8 � � � 343.3 -3.3
8584 2682 1 5150 � � � 0.8 � � � 237.8 -3.2
8951 289 1 4614 194 0.7 � � � 258.2 -3.2
8951 825 1 5876 66 2.8 � � � 136.9 -3.6
8965 163 1 5876 149 1.0 � � � 207.0 -3.2
7629 2824 1 5257 164 1.2 � � � 391.1 -3.1
7644 867 1 5651 197 0.6 � � � 291.8 -3.3
7362 724 1 5596 189 4.7 � � � 243.1 -3.1
7604 1675 1 5496 175 12.3 � � � 179.6 -3.6
7604 699 1 4987 60 2.6 0.1 286.8 -3.6
8550 1650 1 4419 � � � 0.5 0.1 361.8 -3.3
7638 2122 1 6034 69 2.5 0.1 206.6 -3.7
8128 1946 1 5140 70 2.3 0.0 229.5 -3.1
6824 651 1 5850 � � � 2.1 0.1 228.3 -3.5
6829 252 1 5436 70 2.8 0.1 246.7 -3.3
6825 487 1 4752 207 0.2 0.1 437.8 -3.2
7382 20 1 5445 68 3.9 0.1 202.7 -3.3
6833 567 1 5966 83 3.8 0.1 199.0 -3.3
8930 601 1 5406 162 0.9 0.1 315.3 -3.1
8598 1824 1 5428 165 3.5 0.1 195.8 -3.6
8940 2350 1 4930 80 1.9 0.1 343.3 -3.3

Note. | Stars with -3.0 � log(L x =Lbol ) � -5.0 which also have abundant lithium. These stars are lik ely
young stars.
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Table 5. Stars with abundant lithium and the appropriate log(L x=Lbol) ratio with the
appropriate distance assumptionsthat place them within the appropriate isochronal agerange.

Tycho Name E�ectiv e Temperature Te� Error Luminosit y Luminosit y Distance
at 150 pc at chosendistance

K K L � L � pc

8142 1112 1 5140 112 1.0 0.5 100
8162 572 1 6103 107 1.4 1.4 150
8580 916 1 5266 73 2.3 0.6 75
8577 1672 1 5237 138 1.5 0.4 75
8582 3040 1 5127 154 0.5 0.4 135
8594 1049 1 5031 109 0.6 0.4 118
8591 1338 1 5742 102 1.4 0.9 118
8595 993 1 5635 194 1.2 1.0 135
8595 1740 1 5612 191 0.8 0.8 150
9200 446 1 5566 99 1.3 0.8 118
8941 1786 1 5520 178 1.2 0.7 118
8954 901 1 5742 102 1.4 0.9 118
8954 901 2 5580 187 0.2 � � � < 50
8951 289 1 4653 191 0.7 0.3 100
7617 549 1 4614 � � � 1.8 0.2 50
7086 425 1 5436 � � � 1.1 0.7 118
8108 1722 1 5436 � � � 1.6 � � � < 50
8118 871 1 4900 � � � 2.1 � � � < 50
7652 441 1 5016 � � � 0.4 0.4 150
8594 58 1 5016 259 0.5 0.4 135
8587 1015 1 5436 195 0.6 0.6 150
8170 1038 1 5876 52 3.4 � � � < 50
8940 2350 1 5016 80 1.8 0.4 75
8584 2682 1 5150 � � � 0.8 0.5 118
8951 289 1 4614 194 0.7 0.2 75
8951 825 1 5876 66 2.8 1.2 100
8965 163 1 5876 149 1.0 1.0 150
7629 2824 1 5257 164 1.2 0.5 100
7644 867 1 5651 197 0.6 0.8 180
7362 724 1 5596 189 4.7 � � � < 50
7604 1675 1 5496 175 12.3 � � � < 50
7604 699 1 4987 60 2.6 0.3 50
8550 1650 1 4420 � � � 0.5 0.2 100
7638 2122 1 6034 69 2.5 1.5 118
8128 1946 1 5140 70 2.3 � � � < 50
6824 651 1 5850 � � � 2.1 0.9 100
6829 252 1 5436 70 2.8 0.7 75
6825 487 1 4752 207 0.2 0.2 150
7382 20 1 5445 68 3.9 � � � < 50
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Table 5|Con tinued

Tycho Name E�ectiv e Temperature Te� Error Luminosit y Luminosit y Distance
at 150 pc at chosendistance

K K L � L � pc

6833 567 1 5966 83 3.8 � � � < 50
8930 601 1 5406 162 0.9 0.6 118
8598 1824 1 5428 165 3.5 � � � < 50
8940 2350 1 4930 80 1.9 � � � < 50

Note. | Stars with -3.0 � log(L x =Lbol ) � -5.0 which also have abundant lithium. Thesestars are lik ely
young stars, and we have approximated a range of distances for them by shifting them into the 3 � 107

to 108 year old isochrone range. As hypothesized in our Hertzsprung-Russell analysis, our candidates are
most lik ely at a wide range of distances. For some stars, a distance smaller than 50 pc was required to
place them in the appropriate age range. These stars do not have recorded luminosities.

Table 6. Stars with abundant lithium and the appropriate log(L x=Lbol) ratio with accurate
e�ectiv e temperatures

Tycho Name E�ectiv e Temperature Te� Error Luminosit y Lum Err Li EW log(L x =Lbol )
Kelvin L � L � m�A

8142 1112 1 5140 112 1.0 0.0 214.6 -3.2
8591 1338 1 5742 102 1.4 0.1 180.1 -3.2
8595 993 1 5635 194 1.2 0.1 207.4 -3.3
9200 446 1 5566 99 1.3 0.0 208.7 -3.5
8954 901 1 5742 102 1.4 0.1 190.2 -3.4
8594 58 1 5016 259 0.5 0.0 251.7 -3.1
8587 1015 1 5436 195 0.6 0.1 211.8 -3.3
7362 724 1 5596 189 4.7 0.1 243.1 -3.1
7604 699 1 4987 60 2.6 0.1 286.8 -3.6
8598 1824 1 5428 165 3.5 0.1 195.8 -3.6
8940 2350 1 4930 80 1.9 0.1 343.3 -3.3

Note. | Stars with -3.0 � log(L x =Lbol ) � -5.0 which also have abundant lithium and accurate temperatures.
These stars are lik ely young stars.
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