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Abstract

I present a combined kinematic and photometric search for new, low-mass (m ≤ 0.2M�)

members of nearby (d < 300 pc) star clusters. Using both proper motion and color criteria, a total of

33 low-mass objects have been newly recognized as members of the Taurus, Praesepe, and Pleiades

clusters. In addition, 18 potential cluster members are noted, and 4 members are recovered from

previous member searches. Multi-epoch imaging was performed using i-band Megacam observa-

tions unique to this study, combined with archival CFH telescope data in the optical I and Z bands.

Near-infrared detections were also acquired from the 2MASS survey. The imaging data were pro-

cessed using the Pan-STARRS IPP data pipeline software in order to provide high-precision relative

astrometry, from which proper motions were extracted. Low-resolution, near-infrared spectroscopy

from the IRTF telescope gives confirmation on the membership status of the selected candidates.

The addition of proper motion criteria to complement the often-used color selection allows for a

more effective identification of low-mass cluster members whose broadband spectral features are

similar to the bulk of galactic field objects lying along the line-of-sight. Culling the candidates

using proper motion also significantly reduces the amount of candidates that require spectroscopic

follow-up, even in the NIR color-space with the highest levels of field contamination. Comparison

of the search results to a galactic field model by Robin et al. (2003) provides strong evidence that

brighter member candidates in Taurus (i < 17) found to be of mid-M spectral types are highly likely

to be clusters members rather than field dwarfs. While the addition of new members to the Prae-

sepe and Pleiades clusters are minor compared to the current known population, there is suggestive

evidence that the mass function of Taurus is significantly lacking in mid-M dwarfs, and in fact may

actually resemble the mass functions of other similarly-aged clusters. The successful application of

this search technique using the IPP software is significant, as the Pan-STARRS survey program is

conducting regular imaging of 75% of the total sky over the next 3-4 years.
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Chapter 1

Introduction

1.1 Low-Mass Objects

The focus of this work is on low-mass objects, hereafter defined as stellar or stellar-like

objects with mass m ≤ 0.2M�. This definition includes both very-low-mass (VLM) stars and

brown dwarfs. The latter are differentiated from the former by being unable to reach the core

temperature required for sustained hydrogen burning (∼ 3 million K), and therefore will never

reach the stellar main sequence. However, as the observable properties of both VLM stars and

brown dwarfs appear to form a smooth continuum across the minimum hydrogen burning mass

at ∼ 0.075M� (Kirkpatrick, 2005), their distinction is not informative to this particular study,

and is largely ignored hereafter. It should also be emphasized that mass is not a property directly

observable via the methodology used in this study. Instead, the proxy of spectral type is utilized,

which is measured by classifying the broad shape of an object’s spectral energy distribution (SED).

The physical characteristics that determine spectral type include the emitting object’s atmospheric

composition, surface gravity, and surface temperature. For the objects of interest in this work (i.e.,

low-mass cluster members), spectral types are typically in the range of M0-M9, which correspond

to surface temperatures of ∼ 4000 − 3000 K.

The significance of low-mass objects within the field of astrophysics stems from both

their numerical majority within the Galaxy (∼ 70%), as well as their ability to test theories of

stellar formation. The mass function of the galactic field has been measured to peak around early-

to-mid M-types, which corresponds to a mass of 0.1 − 0.2M� at the typical age of the galactic

population (∼few Gyr, Chabrier, 2003). This majority is due partly to the lingering presence of

low-mass objects within the field from multiple epochs of galactic star formation. The low-mass

population includes the longest “living” stars, with VLM stars existing on the main sequence up
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to three orders of magnitude longer than Sun-like stars. However, it also appears that galactic

star formation is most efficient at such masses given both theoretical simulations of star formation

(Bate, 2009) and empirical measurements of cluster mass functions (Thies & Kroupa, 2007). Thus,

it becomes important to identify and characterize these objects in order to better understand the

primary stellar component of the Galaxy.

In addition to dominating the number density, low-mass objects also represent the lowest

extreme of star formation within the Galaxy. There have been several proposed mechanisms to

create low-mass objects, including lower scale star-like formation (Bonnell, Clark, & Bate, 2008),

massive circumstellar disc fragmentation (Stamatellos, Hubber, & Whitworth, 2007), and dynamical

ejection during close encounters between young stellar systems (Reipurth & Clarke, 2001). Models

of these formation theories can produce testable properties such as the shape of the initial mass

function (IMF) of a star-forming region (e.g., see Figure 6 in Bate, 2009), the spatial distribution of

objects within the star-forming region (Moraux & Clarke, 2005), or unique dynamical signatures of

the forming population (Boudreault & Bailer-Jones, 2009). Observations of such properties within

the low-mass population of a star-forming region can then favor one or more mechanism as being

dominant in the formation of low-mass objects. A statistically significant accounting of the complete

low-mass population of a cluster is thus vital in determining which formation mechanism plays the

largest role in producing the Galaxy’s most common stellar and stellar-like constituents.

1.2 Observational Benefits & Challenges of Cluster Studies

There are several observational advantages when searching for low-mass objects within

clusters. By their very nature, star clusters have a higher density of low-mass objects per square

degree of sky than the galactic field. This results in fewer pointings in order to detect a similar

amount of sources when compared to field surveys. In addition, the membership of a cluster is be-

lieved to be approximately coeval. In other words, all members are believed to have formed at about

the same time and thus have a common age. This implies that more easily observable properties

such as brightness and spectral type can serve as proxies for mass, with fainter and later-type cluster

members corresponding to smaller-mass objects. This property conveniently avoids the mass-age

degeneracy that is present when low-mass objects from multiple formation epochs are included in

the same sample. Objects within clusters are also younger than the bulk of the surrounding field

population. For those cluster members that are still pre-main sequence, their radii are larger than

main-sequence dwarfs of similar mass. In this way cluster members will be intrinsically brighter
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and easier to detect than field dwarfs at a given mass and distance. For “young” clusters (t ≤ 10

Myr), a comparatively small amount of dynamical evolution has occurred, meaning that its mem-

bers are still close to the location of their formation. Within such clusters, it is more appropriate to

associate the spatial location of members with the environment that formed them. Minimal dynami-

cal evolution also implies that the motions of the members through the Galaxy are still very close to

that of the parent molecular cloud that formed them. This results in cluster members having similar

motion to one another when compared to the field. This property in particular is a key part of the

search technique utilized here and is discussed further below.

The observational challenges of correctly identifying low-mass cluster members involve

both adequately detecting the objects at typical cluster distances and extinctions, as well as removing

photometric and spectroscopic confusion with unassociated objects along the line-of-sight to the

cluster. Within a given cluster population, the low-mass members are fainter (i.e., have smaller radii

and cooler surface temperatures) than those of higher mass. Thus, while larger telescopes (10m-

class) can conduct narrow and deep observations to find the lowest-mass objects at the distances

of most galactic clusters (d > 100 pc), detecting such objects within wider and shallower surveys

can push the limits of current instrumentation. In addition, members of young clusters will often

have their light extincted by intervening cluster gas and dust. As this extinction also results in the

reddening of the emergent light, cluster surveys based primarily on optical data can be insensitive

to the lowest-mass members. Only since the late 1990s have large-format infrared cameras become

available to perform sizable imaging surveys for these objects. This is a crucial advancement, as

the near-infrared (NIR) region of the spectrum is where such relatively cool VLM stars and brown

dwarfs peak in their spectral energy distribution. Many diagnostic spectral features of these objects

thus far recognized are also located in the NIR region, including absorption features sensitive to

physical properties such as effective temperature and surface gravity. The opacity of the Earth’s

atmosphere at such wavelengths restricts the most sensitive NIR observations to being conducted

from extremely dry, high-altitude observatories (e.g., Mauna Kea, Hawaii).

In addition to the difficulty in detecting these objects, there is often confusion between

bona fide low-mass members and unassociated objects lying along the line-of-sight. Such ambigu-

ity is caused by the similarity of broadband NIR colors between: 1) low-mass cluster members, 2)

interloping dwarfs in the local field, and 3) distant, reddened background giants. A common method

used in previous cluster member searches has been to generate a list of candidates via broadband

optical/NIR color selection. Low-mass cluster members, due to their cool temperatures, possess

redder optical/NIR colors than the bulk of galactic objects. Cuts to the candidate lists are thus made
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by eliminating from further consideration objects bluer than a chosen value, often one that varies

with magnitude and is based upon a stellar evolutionary model. The membership of the remaining

candidates is then confirmed or rejected using their observed optical or NIR spectra. The works of

Briceño et al. (2002), Guieu et al. (2006), and Luhman (2006) provide informative examples of this

methodology. The spectra of low-mass objects contain both temperature and gravity sensitive fea-

tures, primarily due to molecules such as V O, metal hydrides, and water. Since low-mass members

of young clusters are still contracting in size as they approach the main-sequence, their youthful na-

ture can be inferred by an intermediate surface gravity1. However, such follow-up spectroscopy for

M-type objects within large cluster surveys can be very time-consuming and exacerbated by high

contamination from nonmember objects if preceded only by photometric selection. This contamina-

tion is greater within the M0-M6 spectral type range than for later types, whose intrinsically redder

colors distinguish them more unambiguously from the bulk of the galactic population. In addition,

while obtaining lower-resolution spectra is more time-efficient, the NIR spectra of early-to-mid M

field dwarfs are very similar in shape to those of young M-type cluster members atR ∼ 100−1000.

Given these observational challenges, and with the current high interest in sub-stellar cluster mem-

bers, searches over the past decade have largely focused on objects with spectral types of around M6

or later, though the mass functions of clusters have been measured to peak in the early-to-mid-M

range (Luhman et al., 2003; Thies & Kroupa, 2007).

A viable alternative to this “color-only” screening method is to complement the photomet-

ric selection with additional proper motion criteria. Examples of previous work using this approach

in cluster member searches include Adams et al. (2002), Bihain et al. (2005), and Casewell et al.

(2007). The motions of foreground objects are dominated by the galactic flow (i.e., the proper mo-

tion caused by the differential orbital motion of the Sun around the Galaxy as compared to other

stars). Distant background objects should have little or no detectable proper motion at all over the

time period of a typical proper motion study (∼few−10 yr). Cluster members, on the other hand,

will tend to congregate about a common proper motion vector (see Figure 3.2). In this work, I

apply proper motion selection to a search of low-mass member candidates within the clusters of

Taurus, Praesepe, and the Pleiades in order to identify new early-to-mid M-type members and de-

termine how the member detection efficiency is improved for such objects over color-only selection

methods.
1An “intermediate” surface gravity measurement being between the typical values of giants (log(g) ∼ 3) and dwarfs

(log(g) ∼ 5) in units of cm/s2
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1.3 Previous Cluster Member Searches

1.3.1 Taurus

Being nearby (d = 141.5±2.8 pc, Loinard et al., 2005), populous (Nmem > 300, Luhman

et al., 2006), and young (t ∼ 1 − 3 Myr, Kraus & Hillenbrand, 2009), the Taurus star-forming

region has already been extensively searched for low-mass members. The first published search for

Taurus members with proper motion measurements was carried out by Jones & Herbig (1979) using

photographic plates. Their work was later expanded upon by Hartmann et al. (1991), whose list of

newly-found Taurus members included mostly mid-M objects. In the decades that have followed,

proper motion searches have benefited from the transition to digital detectors in both the optical

and the NIR. While some studies have used space-based telescopes for candidate selection in the

X-ray (Scelsi et al., 2008) and the mid-IR (Luhman et al., 2006; Rebull et al., 2010), the majority of

Taurus member searches have relied on broadband optical/NIR color selection from ground-based

data. Both the Two-Micron All-Sky Surevy (2MASS) and the Sloan Digital Sky Survey (SDSS)

have contributed significantly to these searches due to their large coverage on the sky, and much of

the previous literature makes use of their photometric measurements. In these studies, evidence of

Taurus member status may include: 1) the detection of Hα in emission as an indicator of on-going

accretion (Muzerolle et al., 2005), 2) the detection of Li absorption as an indicator of youth (Sestito,

Palla, & Randich, 2008), 3) spectral indices that measure gravity-sensitive absorption features in

the optical and NIR (Briceño et al., 2002; Luhman, 2006), and/or 4) SED fits to empirical data

of previously-confirmed member spectra (Guieu et al., 2006). All of these status indicators are

designed to show that the candidates are youthful, and thus it is implied that they are most likely to

be a part of the newly-formed cluster population rather than that of the (much older) field. The mean

member selection efficiency2 of previous Taurus studies for M-type objects is on the order of 30%,

typically increasing with studies that focus on later spectral types, but decreasing as the candidate

sample size becomes larger.

1.3.2 Praesepe & The Pleiades

Unlike Taurus, the Praesepe and Pleiades clusters have been found to have a substantially

different proper motion from that of the surrounding field. Because of this, sizable proper mo-

tion searches for low-mass members have been previously carried out (for examples, see Kraus &
2We define “efficiency” here to simply mean the number of confirmed low-mass cluster members compared to the

total number of candidates that were followed-up with spectroscopy.
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Hillenbrand, 2007; Lodieu et al., 2007). Most searches have combined these proper motion mea-

surements with optical colors to select member candidates. While some studies have performed

follow-up spectroscopy work (e.g., Adams et al., 2002), many objects remain only proper-motion

selected candidates. Praesepe is a relatively old cluster (t ∼ 600 Myr) with a large membership

(Nmem ∼ 1000) and a similar distance as Taurus (d ∼ 170 pc, Kraus & Hillenbrand, 2007). Jones

& Stauffer (1991) and Hambly et al. (1995) were the first to identify M-type cluster members near

the cluster center, while subsequent studies have probed out to larger radii. Such a spatial extent for

member searches is needed because of the cluster’s advanced age, which will have allowed some of

the low-mass population (only loosely bound gravitationally) to travel far from the cluster interior.

The Pleiades is an intermediate-age cluster (t ∼ 120 Myr) at a distance of ∼ 130 pc (Bihain et al.,

2006). It also has on the order of 1000 members, and objects as late as early-to-mid L type have

been identified as member candidates. These two clusters were chosen along with Taurus in order

to provide a significant spread in both age and cluster environment in order to better determine how

such factors affect the search methodology used in this work.

1.4 Aims of this Study

The software written for the Pan-STARRS Image Processing Pipeline (IPP, Magnier,

Kaiser, & Chambers, 2006) has been designed in part to quickly produce large amounts of pho-

tometric and astrometric measurements. As the Pan-STARRS survey program3 (Kaiser et al., 2010;

Kaiser, Tonry, & Luppino, 2000) includes the “3-Pi Survey”, which will image 75% of the total

sky at regular intervals from 2010 to (at least) 2013, this study seeks to verify that the IPP software

can in fact be practically utilized to conduct a photometric and kinematic low-mass cluster member

search. Such a search can be extended to lower masses and larger cluster distances as both the time

and photometric depth of the survey increases. With this eventuality in mind, the primary aims for

this study are as follows:

1. To utilize the Pan-STARRS IPP software in conducting a member search of nearby star clus-

ters using a combination of proper motion and color criteria

2. To establish the strengths and limitations of this search technique when specifically applied

to low-mass members at the distances of the nearest star-forming regions
3http://pan-starrs.ifa.hawaii.edu/public/

6



3. To determine the primary sources of contamination that produce false positives, and how the

contamination is influenced by the cluster’s motion and environment

4. To examine the properties of previously claimed cluster members that do not pass the selection

criteria

5. To determine if and how the newly identified cluster members impact the currently establish

mass functions of the clusters

Chapter 2 describes the imaging data obtained over multiple epochs in order to generate

the proper motion measurements and gives a brief overview of the analysis performed on the im-

age data by the IPP. The chosen membership criteria based on both proper motion and color are

described in Chapter 3. In Chapter 4, the success of the search method is verified via NIR spec-

troscopic follow-up on a subset of the member candidates. The effects of contamination from the

galactic field are discussed in Chapter 5. Results from all three clusters are discussed in Chapter 6.

Lastly, the conclusions of this study are summarized in Chapter 7.
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Chapter 2

Multi-Epoch Imaging

In order to apply both proper motion and color selection to the clusters of interest, pho-

tometric observations are required. Given the limited time of the study and the distance of the

clusters, it was necessary to include previous imaging data that was publically available and covers

both a similar field-of-view and similar photometric bands. To acquire useful proper motion mea-

surements, new image fields obtained for the study were placed to overlap the older archival fields.

Using previous image data provides a long enough time baseline so that proper motion candidates

can be extracted from all three clusters.

2.1 Queued Megacam Observations

2.1.1 Taurus

A portion of the Taurus star-forming region was observed in 2006 using 2 hours of Queued

Service Observing (QSO) time for the Megacam wide-field camera mounted on the Canada-France-

Hawaii Telescope (CFHT), located on Mauna Kea, Hawaii. The observations are summarized in

Table 2.1. The field-of-view of Megacam (∼ 1.0 deg2) allowed coverage of about 10% of the

projected cluster area within a manageable number of pointings given the large size of Taurus on

the sky (∼ 220 deg2, Luhman, 2006). Since the focus of this work is on the bulk kinematics of the

low-mass cluster members, area was chosen over depth in the observation strategy, covering ∼ 20

deg2 in the i-band. Both 10- and 90-second exposures were taken in order to cover many magnitudes

in i at which low-mass objects would be detected at the distance of Taurus. The resulting range of

sensitivity is iAB ∼ 14.5 − 20.5. Saturation at the 10-sec exposures determines the bright limit,

while the faint limit is set by 25σ detections at the 90-sec exposures. Such detections correspond

to the minimal signal-to-noise required by the IPP for accurate relative astrometry measurments.
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Given the depth of this survey, the main sequence is detectable at the distance of Taurus down to

spectral types as late as ∼M9 (assuming zero extinction). At the young age of Taurus, its low-mass

members will still be contracting towards the main sequence, and will thus be intrinsically brighter,

potentially allowing the detection of early-L members. At 1 − 3 Myr, evolutionary models such

as those from Chabrier et al. (2000) predict the stellar/substellar boundary to be ∼ M6 (Guieu et

al., 2006), so both VLM stars and high-mass BDs can be detected. As the images were taken in the

optical, areas of highest extinction were avoided where source counts would be significantly reduced

(see Figure 2.1). The i-band was chosen as the best compromise between instrument sensitivity and

the red colors of the target objects.

Table 2.1: Megacam/CFH12K Observations

Epoch Inst # Images Filters texp(s) References

Taurus

pre-2003 CFH12K 215 I, Z 6 − 360 CADC1, Martı́n et al. (2001)

2003 − 2005 CFH12K/MC 381 i, z, I, Z 5 − 360 CADC, Guieu et al. (2006)

2006 MC 110 i 10 − 90 This Work

Praesepe

pre-2003 CFH12K/MC 61 z, I, Z 2 − 720 CADC

2006 − 2007 MC 59 i 5 − 300 This Work

Pleiades

pre-2003 CFH12K 168 I, Z 10 − 360 CADC

2006 − 2007 MC 36 i 5 − 300 This Work

2.1.2 Praesepe & The Pleiades

A similar observing strategy was used for both Praesepe and the Pleiades. The amount of

extinction along the line of sight towards both clusters was found to be negligible when checking
1http://www3.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/cadc/
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Figure 2.1 The locations of the 2006 Megacam pointings for the Taurus cluster on the plane of the

sky (blue), along with the extracted archival data from the 2003 − 2005 (green) and pre-2003 (red)

epochs. All the 2006 fields overlap at least one pointing from the 2003 − 2005 epoch. The AV

image and contours are taken from Schlegel, Finkbeiner, & Davis (1998), and mark 1.0, 1.5, and

2.0 magnitudes of extinction.
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their positions in the AV maps from Schlegel, Finkbeiner, & Davis (1998). Eight square degrees

were covered in Praesepe and cover most of the cluster’s spatial extent. Five square degrees were

observed of the Pleiades, with pointings designed to avoid the brightest cluster members that could

cause large saturation effects on the detector. The range in exposure time for both clusters was 5

to 300 seconds. The longer exposure times compared to Taurus were used to make sure objects

of a similar mass range were detected in these clusters, whose members are older by an order of

magnitude.

2.2 Archival Data

The 2006/2007 Megacam observations were chosen to overlap previous pointings in the

i-band from Megacam, as well as the I- and Z-bands from CFH12K (see Figure 2.1 for image over-

laps in Taurus). These archival observations span the time period of 2001-2005, and were retrieved

from the Canadian Astronomy Data Center (CADC) archive4. In order to provide NIR photom-

etry to complement our optical data, we obtained 2MASS J , H , and Ks detections lying within

our Megacam poitnings. These NIR detections were associated with those from Megacam using a

matching radius of 1 arcsec. For the purposes of this study, all archived and 2MASS photometry

was converted to AB magnitudes (i.e., a zero-point shift), as this is the photometric system used by

Megacam. Since the 2MASS data were taken circa 1999, it provides us with an approximate 7-year

total baseline for our proper motion measurements. This long baseline serves to offset the larger po-

sitional inaccuracies of 2MASS (∼ 70 mas) compared to the Megacam/CFH12K data (∼ 18 mas,

see below). Taurus possesses three epochs of optical imaging (pre-2003, 2003-2005, and 2006),

while Praesepe and the Pleiades have two epochs (pre-2003 and 2006/2007).

2.3 The Pan-STARRS IPP

While the Megacam and CFH12K images were detrended (i.e., corrected using bias, dark,

and flat frames) using the CFHT’s standard Elixir routines (Magnier & Cuillandre, 2004), the pho-

tometry and astrometry presented here were produced using the Pan-STARRS IPP. In brief, the

PSPhot program determines an analytical model of the point-spread function (PSF) for each im-

age using the brighter (but unsaturated) stars within the field-of-view. Detections are flagged as

point sources or extended sources based on a comparison of each object’s shape with that of the
4http://www3.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/cadc/
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Figure 2.2 Left: The RA position residuals from the Pan-STARRS IPP as a function of i magnitude.

Contour levels are at 50, 100, and 500 measurements per bin (0.01 mag x 0.01 arcsec). The numbers

listed across the top of the figure display how the RMS (in units of mas) changes as a function of i.

The DEC position residuals have a similar spread and are not displayed for reasons of clarity. Right:

A histogram of the RA (red) and DEC (blue) position residuals across all i magnitudes. They are fit

to a Gaussian distribution (green) with σ = 37 mas.

PSF model. Astrometry for each image was performed by the PSAstro program by comparing the

centroid positions of the objects in each epoch calculated from the PSF models. The resulting

measurements from the IPP were then ingested into an installation of the in-house Desktop Virtual

Observatory (DVO) software package. The DVO program addstar then associates multiple detec-

tions to a common source using the aforementioned 1-arcsec matching radius. Relative astrometry

was performed using the DVO program relastro. The positions are fit to a linear function of time

and the proper motions of objects are calculated as µα cos(δ) and µδ. Given that the bulk proper

motion for Taurus is ∼ 20 mas/yr, a 7-yr baseline results in a shift in the member positions on the

sky of 140 mas across the three epochs. This motion is quite detectable given our astrometric resid-

uals from the CFH12K and Megacam data (see Figure 2.2). The bulk proper motions of Praesepe

and the Pleiades are even larger. Across the i magnitude range of interest, the measured relative

positions in Taurus are typically accurate to within ±18 mas, with the most accurate astrometry

occurring for objects with i ∼ 17.5. The lack of a 2003-2005 epoch for Praesepe and the Pleiades

results in a slight increase in the position residuals, averaging ±23 and ±18 mas, respectively.
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Chapter 3

Candidate Selection

With the imaging survey completed, the detected objects can be culled using both photo-

metric and kinematic criteria. In the first level of selection, only well-detected objects are considered

in order to minimize false positives caused by spurious events and large measurement errors. From

this dataset (hereafter, the “quality” data), objects are excluded from further consideration if their

motion in the plane of the sky is not consistent with that of the previously established low-mass

population of the cluster. Lastly, objects are retained only if their (i− J) color falls above the clus-

ter’s modeled main sequence (i.e., redder than the main sequence at a given i magnitude), and thus

are likely to be youthful cluster members still contracting from their initial formation within the

molecular cloud. All three selections presented serve to significantly reduce the number of member

candidates that must be followed up with more time-intensive spectroscopy. In this way, the vast

majority of false positives are removed from further consideration as cluster members.

3.1 Quality Criteria

The DVO software can be used to extract or reject objects that satisfy user-defined criteria.

In the first round of selection, objects were excluded that had less than a minimum number of

detections (< 5) in order to remove cosmic rays and other spurious events. To avoid saturation

effects and still extract objects with well-measured astrometry, objects were also required to have a

mean measured magnitude of i = 14.5 − 20.5. Remaining candidates possessed non-zero proper

motions (> 0.001 mas/yr), as well as photometric and astrometric errors smaller than 0.3 mag and

10 mas, respectively. These error limits were chosen to eliminate objects that might be scattered

into or out of our proper motion and color criteria via random measurement error. From the Taurus

data, ∼ 80, 000 member candidates were selected as well-detected from an initial population of 9
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million measured objects. Similar selections applied to Praesepe and the Pleiades produced initial

candidate pools of ∼ 7000 and ∼ 9000 objects, respectively.

3.2 Proper Motion Criteria

3.2.1 Taurus

In order to examine the kinematic properties of previously claimed cluster members, a

database was compiled from the literature containing over 2,300 objects (see Appendix A), ∼ 400

of which show evidence of being associated with Taurus. A total of 32 of these members fall

within the Taurus imaging fields, are well-detected within the dataset, and have a measurable proper

motion using the IPP. These member positions were matched with those of the IPP’s astrometric

measurements (given an association radius of 1 arcsec). The median measured proper motion for

these previously claimed members is µα cos(δ) = 7.68 mas/yr and µδ = −15.56 mas/yr. Half of

these claimed members are tightly congregated as one would expect for a cluster population. The

mean motion of these members is µα cos(δ) = 11.50±1.15 mas/yr and µδ = −16.55±1.02 mas/yr.

For comparison, a detailed kinematic study of 127 pre-main sequence members of Taurus by Bertout

& Genova (2006) yielded mean values of µα cos(δ) = 8.20±1.28 mas/yr and µδ = −20.82±1.23

mas/yr. With the astrometric accuracy of the measurements as stated above, all objects were kept as

candidates if their proper motion was within 10 mas/yr of the calculated mean value (see Figure 3.1).

This encloses the proper motion variations due to the intrinsic velocity dispersion of the cluster

members. At the distance of Taurus, a typical cluster velocity dispersion of ∼ 5 km/s (Bertout &

Genova, 2006) equates to 7 mas/yr. The proper motion restriction left ∼ 4, 000 candidates whose

motion in the plane of the sky matches that of the currently known low-mass population of Taurus.

3.2.2 Praesepe & The Pleiades

Out of 452 previously claimed low-mass members of Praesepe, 118 passed the quality cut.

The median proper motion of this subset is µα cos(δ) = −30.85 mas/yr and µδ = −8.39 mas/yr.

However, as can be seen in Figure 3.2, these proper motions consist both of a tightly congregated

population as well as a widely-scattered halo. When only the compact population is considered,

the mean proper motion of the Praesepe members is µα cos(δ) = −32.67 ± 0.51 mas/yr and µδ =

−9.32 ± 0.53 mas/yr. The work by van Leeuwen (2009) using Hipparcos data on 24 established

Praesepe members yielded a proper motion measurement for the cluster of µα cos(δ) = −35.81
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Figure 3.1 A vector-point diagram of the Taurus proper motion measurements, displaying a binned

image of all the objects that passed the “quality” data cut. Contour levels are at 25 (yellow), 100

(orange), and 500 (red) objects per bin (1.0x1.0 mas/yr). The blue boxes (triangles) mark the proper

motions of previously claimed members of Taurus that passed (did not pass) our kinematic cut. The

top and right axes show the velocity of the objects within the plane of the sky when assumed to be

at the distance of the cluster. The green circle marks the selection region.
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mas/yr and µδ = −12.85 mas/yr. Like Taurus, all member candidates were kept if their motion

was within 10 mas/yr of the calculated mean value. For 111 previously claimed low-mass members

of the Pleiades that fall within the Megacam fields of this work, 26 passed our quality cut. Nearly

all of these members cluster about a mean proper motion of µα cos(δ) = 19.82 ± 1.31 mas/yr and

µδ = −43.30 ± 0.95 mas/yr. The proper motion search by Lodieu et al. (2007) cites a cluster

proper motion value of µα cos(δ) = 19.15 mas/yr and µδ = −45.72 mas/yr. Because the spread

in proper motions of the Pleiades members is slightly larger than those of the other two clusters,

a wider selection radius of 17 mas/yr was used. The proper motion restriction selected out 154

member candidates for Praesepe and 114 candidates for the Pleiades. It can be clearly seen in the

vector-point diagrams for these clusters (Figures 3.2 and 3.3) that Praesepe and the Pleiades are

much more separated from the bulk of the galactic field than the Taurus cluster.

3.3 Color Criteria

3.3.1 Taurus

The evolutionary models of Baraffe et al. (1998) and Chabrier et al. (2000) (hereafter, BC

models) provide cluster isochrones that can be compared with color measurements. An (i − J)

vs. i color-magnitude diagram of the Taurus data is shown in Figure 3.4. Objects were permitted

to remain member candidates if they lie above a 5-Myr isochrone, despite the fact that Taurus

objects would likely be closer to a redder, 1-3 Myr isochrone. As evolutionary models are uncertain

within the low-mass regime, it was decided that it was preferable to risk allowing nonmembers

into the sample rather than exclude true members whose colors are slightly bluer than the models

predict. This cut provided the final list of 250 low-mass member candidates (a mean density of ∼ 10

candidates per square degree of the 2006-epoch Taurus imaging).

Sixteen previously-claimed members of Taurus are recovered as member candidates, out

of a possible 32 that landed in our field-of-view and passed the quality data cut. The majority of

those members that were not selected have a proper motion lying outside the 10 mas/yr selection

radius. This suggests that a significant number of claimed Taurus members have a disparate motion

compared to the rest of the cluster. It remains to be determined whether this disparity is caused by

inaccurate astrometry, nearby nebulosity, binary motion, the claimed members being part of a sub-

population within the Taurus cloud, or the objects belonging to a separate young population along

the line-of-sight. The disparate members are discussed in more detail in Chapter 6. All but two of
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Figure 3.2 A similar diagram as Figure 3.1 displaying the Praesepe proper motion measurements.

The contour (yellow) encloses the region with > 10 objects per bin. Note the population of

previously-claimed cluster members clustered in the lower-right of the figure (∼ 60% of the to-

tal sample) as compared to the widely scattered halo. The green circle marks the selection region.
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Figure 3.3 A similar diagram as Figure 3.1 displaying the Pleiades proper motion measurements.

Contour levels are at 10 (yellow), 20 (orange), and 50 (red) objects per bin. Almost all previous

members with IPP-measured proper motions lie within the selection region (green).
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Figure 3.4 An (i−J) vs. i color-magnitude diagram (CMD) of the Taurus data. The contours show

10 (yellow), 50 (orange), and 250 (red) objects per bin (0.1x0.1 mag) of the quality data. Green

dots are objects that passed the proper motion criteria. The light-blue line shows the 5-Myr Taurus

isochrone based on the BC models, along with the locations of masses at that age and distance of the

cluster in units of M�. The red arrow shows the AV = 1 reddening vector based on the extinction

law by Fitzpatrick (1985).
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these claimed members pass the color cut, which is consistent with these objects being identified

largely through broadband color selection.

It should be noted that during the first round of spectroscopic follow-up in 2007 (discussed

in Chapter 4), a more simplistic astrometric measurement method was used in calculating the proper

motions. This method involved treating one epoch (i.e., the 2006 images) as a fixed reference of

object positions. The updated method as of 2008 allows all of the epochs to float and converge to

a solution over a series of iterations. This change of method yielded smaller astrometric residuals

by a factor of ∼ 2. We also used a crude approximation for the isochrones of the BC models when

performing the color cut in 2007. This has since been replaced by a better fitting, higher-order

function. The correction now excludes several Taurus member candidates that were later found via

spectroscopy to be early-type field objects.

3.3.2 Praesepe & The Pleiades

A 500-Myr isochrone was used for color selection within the much older Praesepe clus-

ter (600 Myr). Roughly 60% of the previously-claimed low-mass membership with IPP-measured

proper motions are recovered in this study as member candidates. Given that the majority of Prae-

sepe members have been identified by their proper motion, this significant fraction of widely scat-

tered objects begs further study (see Chapter 6). Virtually all claimed cluster members pass the

(i − J) color selection. Given the 120 Myr age of the Pleiades, a 100-Myr isochrone was used to

select color candidates. All but two of the 26 well-measured objects matched to Pleiades members

are also recovered as member candidates for this study and pass color selection.

An effect of cluster environment (i.e., cluster distance from the galactic plane) can be seen

in the asymmetry across the model isochrone of objects that pass the proper motion criteria. In Tau-

rus, which lies closer to the bulk of the galactic field in proper motion space, a much greater fraction

of the proper motion candidates lies blueward of the isochrone (see green dots in Figure 3.1). The

exact opposite is true for Praesepe and the Pleiades, both of whom are very distinctive from the

field in their bulk motion. This demonstrates in a very clear, visual way why clusters kinematically

separated from the field can benefit from proper motion selection more than color selection when

attempting to remove nonmember contamination. Yet, as explained below, the properties of both

the cluster and the field can combine to weed out contaminants even in cases like Taurus where

kinematic contamination is high.
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Figure 3.5 Similar CMD as in Figure 3.4 for the Praesepe data. The yellow contour encloses the

region with > 10 objects per bin. A 500-Myr isochrone is overlaid (light-blue line).
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Figure 3.6 Similar CMD as in Figure 3.4 for the Pleiades data. The contours mark 10 (yellow), 20

(orange), and 50 (red) objects per bin. A 100-Myr isochrone is overlaid (light-blue line).
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Chapter 4

Spectroscopic Follow-Up

Spectroscopy provides some of the most unambiguous confirmation of a candidate’s mem-

bership status. Both temperature and gravity sensitive spectral features are present within the NIR

region for low-mass objects. The overall shape of the SED provides the object’s spectral type (a

proxy for surface temperature). The relative depth of water and FeH absorption lines in the J and

K bands compared to the continuum are highly sensitive to pressure (and thus, surface gravity) for

objects of M and L type. By showing that a member candidate is cool and has an intermediate

surface gravity between those of giants and dwarfs, it can be inferred that the candidate is youthful

compared to the field population, and is thus likely a member of the more youthful cluster popula-

tion.

4.1 SpeX Observations

NIR spectroscopic follow-up was performed on a subset of the selected member candi-

dates for all three clusters. Preference was given to candidates with redder (i− J) colors and with

J < 17. The color preference is due to the general trend of cluster members having redder colors

at a given magnitude than the older field objects. Brighter objects were observed first so that higher

resolution spectra could be obtained in a reasonable amount of integration time (≤ 25 min per ob-

ject). The SpeX instrument (Rayner et al., 2003) mounted on NASA’s Infrared Telescope Facility

(IRTF) located on Mauna Kea, Hawaii was utilized to measure the NIR spectra for 134 of the 369

member candidates selected. Ninety-four of the brighter candidates (i.e., those with a J magnitude

brighter than 14-16 depending on weather conditions) were observed using the short cross-dispersed

(SXD) mode (R ∼ 1000) with a typical exposure time of ≤ 12 minutes per object. The other 40

candidates were observed using the prism mode (R ∼ 100). Both modes cover the NIR region of
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0.8-2.5 microns. The data reduction was performed using the Spextool software package5 (Cushing,

Vacca, & Rayner, 2004; Vacca, Cushing, & Rayner, 2003) with the settings commonly applied to

point sources.

4.2 SED Fitting

To determine the spectral types of the candidates, the candidate spectra were fitted to

empirical templates of known spectral type and surface gravity. A NIR spectral library was compiled

of 296 objects spanning a broad range of spectral types (O-T) from three online sources: the Pickles

Spectral Library6 (Pickles, 1998), the IRTF Spectral Library7 (Rayner, Cushing, & Vacca, 2009),

and the SpeX Prism Library8. Of these, 186 spectra are within the K-L spectral type range, and

include field dwarfs, giants, and youthful objects of intermediate surface gravity taken from other

nearby clusters (e.g., ρOphiuchi and IC 348). The templates or the targets were then Gaussian

smoothed as needed (depending on which spectrum had a lower resolution) so that they could be

directly compared. A least-χ2 fit was performed for each target spectrum using the library templates,

with multiple iterations performed to test the effect of measurement error. The full 0.8-2.5 micron

range was used for the fitting, excluding the heavy telluric absorption separating the J , H , and K

bands (see Figure 4.1). Due to the significant extinction that can be present in and around clusters

(and the Taurus region in particular), the amount of reddening in the fit was allowed to be a free

parameter. The extinction law from Fitzpatrick (1985) was applied over a range of AV = 0 − 10

for each fitting attempt.

Of the 83 Taurus member candidates followed-up with spectroscopy, 14 were best-fit

to cluster M-type templates, while the majority of the remaining candidates were fit to either M-

type field dwarfs or G/K-type giants (Figure 4.1). The fitting results for the Taurus candidates are

summarized in Tables 4.1 and 4.2. Twenty-four candidates from Praesepe were followed-up with

SpeX and yielded another 14 best-fits to cluster templates. Out of the 27 candidates with spectra

from the Pleiades, 10 were fit to cluster member templates. The majority of non-cluster template

fits from both Praesepe and the Pleiades were to M-type field dwarfs. Most of the candidates fit to

cluster templates from all three clusters have spectral types in the M3-M6 range, which is consistent

with the follow-up strategy of giving priority to brighter candidates. Tables 4.3 through 4.6 list the
5http://irtfweb.ifa.hawaii.edu/˜spex/SpeX.pdf
6http://www.ifa.hawaii.edu/users/pickles/AJP/hilib.html
7http://irtfweb.ifa.hawaii.edu/˜spex/WebLibrary/index.html
8http://web.mit.edu/ajb/www/browndwarfs/spexprism/library.html
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fitting results for Praesepe and the Pleiades. See Appendix B for a complete listing of the best-fit

results for all of the followed-up member candidates.

To determine the accuracy of this SED-fitting method, the spectral library underwent a

self-test by fitting the templates and dis-allowing the spectra to match themselves. The library

templates were also allowed to be reddened in the same manner as the data. It was found that

73% of the K- to L-type templates were matched to another template of similar luminosity type

(i.e., field dwarf, giant, or cluster member) within ±1 sub-type and an additional 21% matched

within ±2 sub-types, showing the fitting to be robust within the spectral type range associated

with low-mass cluster members. Repeated fits were performed on the member candidates with

random Gaussian errors added into the spectra at each iteration corresponding to the signal-to-noise

of the data. However, this approach did not yield any alternate spectral type fits for our candidates,

suggesting that measurement errors do not dominate the SED-fitting results.

To test the potential effect of the data reduction on the fitting, the faintest Taurus candidate

targets (J ∼ 17) were reduced in two ways: 1) extracting each spectrum measurement separately,

and 2) pre-combining the spectra measurements using the median before extraction. For 9 of these

19 faint objects (47%), there was no difference in the fitted template between both reduction strate-

gies. Another 2 objects had a spectral type discrepancy of ≤ 1 subtype, which is within the afore-

mentioned fitting errors. Of the more significant differences, 3 differed by 4-5 spectral subtypes and

4 were discrepant between G and K/M types. This is likely due to the shape of the J-band, which

changes significantly within these spectra between the two reduction methods. As these objects

are faintest in the J-band, the median-combined versions are considered to be more accurate, as the

individual extractions are noisier in appearance. The last discrepancy was in the gravity of an early

M object (either young or dwarf-like). As discussed in the following section, the gravity-sensitive

features are less distinct in early-mid M types compared with late-M types, so this discrepancy is

not suprising.

4.3 Spectral Indices

In addition to fitting the overall SED, a complementary method of classifying the candi-

dates is to use previously developed NIR spectral indices that are specifically designed to distinguish

objects either by spectral type or surface gravity. From Allers et al. (2007), a temperature-sensitive

index was chosen based on water absorption (given asH2O), along with a gravity-dependent sodium

index (Na). Both indices are located within the J-band. Another three temperature indices were
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Figure 4.1 Four examples of fitting the member candidates (red) to spectral library templates (black).

The gray areas mark the locations of the most significant telluric absorption between the J , H , and

K bands. The best fits are: a) a recovered late-M Taurus member, b) a newly-identified mid-M

Taurus member, c) a background K giant, and d) a mid-M field dwarf. See Tables 4.1 and 4.2 for

fitting information, and see Appendix B for a full listing of the SED best-fit results.
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taken from Slesnick, Hillenbrand, & Carpenter (2004), labeled asH2O-1,H2O-2, and FeH . H2O-

1 and FeH are also measured in the J-band, while H2O-2 lies in the K-band. As with the spectral

fitting, we performed an initial test of the spectral index accuracy by measuring our library tem-

plates. The H2O index accurately measures late-M to mid-L objects within 1 subtype, while results

outside this range become more degenerate. The H2O-1 index provides the broadest range of spec-

tral typing objects, but also has a systematic trend towards underestimating the spectral type. It is

worthy of note that all giants but those with the latest M-types are separated from the dwarfs and

young cluster objects by having a H2O-1 calculated spectral type ≤ M0. The H2O-2 and FeH

indices behave similarly to the H2O-1 index, with the giants separated out by having the lowest

index values. As opposed to H2O-1 however, they tend to overestimate the spectral types across the

M range. The mean spectral type calculated from these four temperature-sensitive indices allows us

to assign spectral types to ≥ M3 objects accurate to ±1 subtype. Using the Na index, mid-to-late

M objects separate based on their surface gravity. The majority of field dwarfs (80%) have an Na

index greater than 1.05, while most giants and cluster members (92%) have an index less than or

equal to this value (Figure 4.2). Earlier type objects of various gravities remain mixed, however. As

expected from the SED-fitting, there is more ambiguity at early-M spectral types, while the agree-

ment between SED-fitting and spectral index grows towards mid-to-late M types. This analysis

provides added confidence that those candidates that have been SED-fit to mid- or late-M cluster

member templates are in fact young, and thus are likely cluster members.
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Taking into account both the SED fitting and the spectral index measurements, the status

of the followed-up Taurus candidates is concluded in Tables 4.1 and 4.2. Twelve candidates are

reported to be newly identified low-mass Taurus members, 4 to be potential members, and another

4 to be recovered members from previous Taurus studies. The proper motions and colors of the

follow-up targets are displayed in Figure 4.3. Thirteen Praesepe candidates are newly recognized

as members, along with 5 potential members (Table 4.3). The remaining candidates likely to be

background objects are listed in Table 4.4. For the Pleiades, 8 new members have been identified,

and another nine candidates are listed as potential cluster members (Table 4.5). Candidates likely

to be unassociated with the Pleiades are listed in Table 4.6. The proper motions and colors of the

Praesepe and Pleiades candidates followed-up with spectroscopy are shown in Figures 4.5 and 4.7,

respectively.
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Figure 4.4 Similar plot as Figure 4.2 with Praesepe follow-up candidates.
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Figure 4.6 Similar plot as Figure 4.2 with Pleiades follow-up candidates.
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Figure 4.8 Similar plot as Figure 4.2 with known field objects.

As an additional check on the classification scheme, a collection of 29 field dwarfs and

giants of known spectral type from Cruz et al. (2007) were observed alongside the cluster member

candidates using the same instrument settings and under similar weather conditions. Twenty-five of

these field objects had acceptable SED fits to the spectral library, and the agreement with Cruz et al.

(2007) was typically within 1.5-2 sub-types. In six of these fits, a dwarf was fit to a cluster template,

once again demonstrating how SED fitting at low resolution can sometimes confuse cluster members

and field dwarfs within the early-to-mid M types. The spectral index measurements of these field

dwarfs confirm the results of the spectral library test (Figure 4.8), with the majority of field dwarfs

lying above the 1.05 division for the Na index.
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Chapter 5

Field Contamination

As demonstrated by the spectroscopic follow-up, the search technique described in this

work is not perfect. A mixture of field dwarfs and background giants were also selected as poten-

tial members. To properly place the spectroscopic results in context, it is necessary to adequately

account for the field population that is extracted using the aforementioned search criteria. Since an

empirical measurement of the entire galactic low-mass population is not practical, a model is re-

quired that provides a good indicator of what types of contamination we are preferentially selecting,

along with their bulk properties. Not only does such a model characterize the contaminant popu-

lation, but can also allow for additional means by which to conclude that certain candidates must

indeed be cluster members.

5.1 Galactic Field Model

An online query tool9 was used that generates a galactic field population along a given

line-of-sight based on the model described in Robin et al. (2003). Running the model population

through the same kinematic and photometric criteria as the data allows a determination of the pop-

ulation of field objects to which the selection method is most sensitive. The distance distribution of

the model objects towards Taurus is shown in Figure 5.1. The proper motion of the Taurus cluster

corresponds to that of the galactic field at a distance of ∼ 200 − 900 pc behind the cluster, so field

dwarfs at this distance will be included by our kinematic cut. For Praesepe and the Pleiades, the

proper-motion-selected field lies directly behind the cluster at a distance of ∼ 100 − 300 pc (Fig-

ures 5.2 and 5.3). However, unlike Taurus, the latter two clusters have a proper motion different

enough from the bulk galactic flow to avoid any contamination at all by background giants. Based
9http://model.obs-besancon.fr/
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on the field model, the vast majority of contaminants within all three clusters will be M-type field

dwarfs.

5.2 Properties of Contaminants

5.2.1 Taurus

To verify that the galactic field as detected in the data is accurately reproduced by the

model, it must be shown that a vector-point diagram and color-magnitude diagram similar to the

data can be constructed from the model. Since the model query tool at the time of access did not

include J magnitudes, we fitted a spectral type vs. (i− J) color relation from the work of Kraus &

Hillenbrand (2007), who calculated colors from the mean SEDs of objects followed-up spectroscop-

ically from the SDSS survey. This relation applies only to field dwarf colors. However, the model

suggests that dwarfs do indeed dominate our contamination when compared to background giants

(Figure 5.1). Given the spectral type of each model object, it was assigned an (i − J) color, and

then random error was applied based on the i magnitude vs. error relation of the photometric data.

While the model does include typical ISM extinction values at the galactic latitude of the clusters

(AV ≤ 0.4), it does not take into consideration the molecular clouds that lie about regions such

as Taurus. Therefore, more realistic AV values are needed for the model objects, most of which

lie behind the clusters. Using the galactic AV maps from Rowles & Froebrich (2009), a 1-arcmin

resolution mean-AV grid was generated about the Taurus region. The model objects were then as-

signed a new AV value given their RA/DEC position, and model objects reddened below our faint

limit (i > 20.5) were removed from further consideration. Model objects with a given distance

less than the measured distance of Taurus were not reddened. Also removed were model objects

with JAB > 18.4 to simulate the sensitivity limit of the 2MASS photometry. The model was then

normalized to the data based on the relative number of data-to-model objects as a function of i

magnitude. This normalization varies from 0-24.6%, with a mean value of 11.5%. Model objects

were then selected at random based on this normalization factor. If it is assumed that the galactic

field model were perfect, then the normalization factor would only be the difference in the total

angular coverage between the model and the 2006 Megacam pointings. This scaling factor based

on the field-of-view for the data is 18.6%. This suggests that the model over-predicts the number

of field contaminants we should detect by at least ∼ 7%. As seen in Figure 5.4, the model (i − J)

color-magnitude diagram reproduces the broad features found in the data. Under more scrutiny, the
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Figure 5.1 Top: Distance histogram of the Robin et al. (2003) galactic field population model scaled

to the Taurus dataset as a function of i magnitude (i = 14.5 − 20.5). The black line includes all

field dwarfs, the green line are only those dwarfs that pass the proper motion criteria, and the blue

line passes both the kinematic and color criteria for Taurus members (assuming zero extinction).

The green dashed line marks the location of Taurus (146 pc). Bottom: Distance histogram for

the modeled field giants, with the same cuts as those above. The peak of the field population

masquerading as Taurus members (the vast majority of which are M dwarfs) lies ∼ 200 − 900 pc

behind the Taurus cluster.
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Figure 5.2 Similar as Figure 5.1 for the field in the direction of Praesepe. The cluster lies at a

distance of 176 pc. No giants are selected from the field.
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Figure 5.3 Similar as Figure 5.1 for the field in the direction of the Pleiades. The cluster lies at a

distance of 130 pc. No giants are selected from the field.
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model possesses relatively more objects at the brightest magnitudes and bluest colors, while there

are more real data objects around i ∼ 16 and (i− J) ∼ 1.5.

With the field model now properly reddened to match the extinction of the Taurus region,

the population was run through the same selection criteria as the data. The resulting color-magnitude

and vector-point diagrams can be seen in Figure 5.5. The density gradients of candidates across both

proper motion and color space appear similar, save for an abundance of fainter, redder objects in

the model when compared to the observations. Upon examination, these objects are largely distant

early-to-mid M field dwarfs that have been reddened by the Taurus cloud. As seen in Figure 5.6,

modeled M0-M2 field dwarfs span the entire i magnitude range of our data, while M3-M4 field

dwarfs are less common at i < 17. M5-M6 field dwarfs are largely fainter than i ∼ 18, and the

latest M field dwarfs are not selected at magnitudes brighter than i ∼ 19. To pass the proper motion

cut, a contaminating mid-M field dwarf would have to be at a distance of d > 200 pc behind Taurus,

at which point it would become too faint to be at i < 17. Similarly, if the dwarf was close enough to

be measured at i < 17, its typical proper motion then becomes too discrepant from Taurus to pass

the proper motion cut. We can thus conclude with even greater confidence that any of the Taurus

member candidates fit to M3-M4 (M5-M6) spectral types and brighter than i ∼ 17(18) are indeed

cluster members and not line-of-sight field dwarfs.

5.2.2 Praesepe & The Pleiades

The same normalization and random draw method was also performed on the field models

corresponding to the positions of Praesepe and the Pleiades. However, both clusters are substantially

older than the Taurus region, and most of their residual gas and dust has dispersed. This results in

negligible reddening towards both clusters, and our reddening scheme did not substantially affect the

final colors of the model objects. The field models for both Praesepe and the Pleiades reproduced

our photometric data well, with the ratio of the number density of data objects to model objects

being of order unity across all but the bluest colors (see Figures 5.7 and 5.8). Upon inspection of

the selected candidates, the data objects appear more tightly concentrated about the cluster motion

than the field objects (Figures 5.9 and 5.10). This is a very encouraging indicator that the extracted

candidates from the data are cluster members all possessing the same motion as the (now dispersed)

molecular cloud that birthed them. By contrast, the field objects about Praesepe appear slightly more

concentrated towards the upper-left of the diagram (i.e., towards the zero point on the diagram).

Contamination from the field is minimized for these clusters because, unlike Taurus, their motion is

very different than that of the surrounding field. It is difficult for any M-type field objects to mimic
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Figure 5.4 A comparison of the (i−J) colors of our Galactic Field model (top) vs. the actual Taurus

data (bottom), with the same contours and isochrone as in Figure 3.4. The model over-predicts the

number of field objects at the brightest i magnitudes and bluest colors. On the other hand, the data

objects are more populous than the model around i ∼ 16 and (i− J) ∼ 1.5.
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Figure 5.5 The proper motions and colors of the Taurus member candidates (left) and modeled

field objects also selected out as candidates (right). The false positives from the galactic field are

dominated by reddened early-M dwarfs.
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Figure 5.6 The distribution of the modeled M field dwarfs selected as member candidates. The bright

limit for the mid-M and late-M field objects is determined not only by their intrinsic brightness, but

also by their typical distances behind the Taurus cluster (∼ 200 − 900 pc).
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this proper motion and yet also pass the color selection and lie within the magnitude limits. Due

to the lack of extinction, modeled M0-M2 objects chosen as candidates of either Praesepe or the

Pleiades remain clustered at higher i magnitudes (i ∼ 15 − 17). Similar to Taurus, upper limits in i

magnitude for the M3-M9 model candidates are seen. This is due to the fact that all three clusters are

contaminated mostly by background M field dwarfs located at distances of several hundred parsecs

behind the cluster itself. However, given the larger ages of Praesepe and the Pleiades, finding mid-

M member candidates about i ∼ 16 is not as likely as in Taurus. Members of Praesepe and the

Pleiades have had sufficient time to contract towards the main sequence, reducing their apparent

magnitude and making them appear much more closer to field objects in color-space. In such cases,

it is the kinematic selection that contributes the most in reducing field contamination.

5.3 The Overabundance of “Mid-M” Candidates

The normalized, random draw from the model population was repeated 10,000 times for

each cluster in order to determine the mean number of the modeled field objects selected using the

proper motion and color criteria. These results are compared along side the various data cuts for

M-type objects (Table 5.1), as well as earlier type contaminants (Table 5.2). The spectral types

of the data candidates not followed-up with spectroscopy are estimated by using the same spectral

type vs. (i − J) relation used to generate the field model J magnitudes. Across all types earlier

than M7, the model candidates in Taurus number higher than the data candidates, confirming that

a confident claim of cluster membership for early-to-mid M candidates cannot be made solely by

using kinematic and color criteria. The numbers of modeled field objects selected compared to the

real member candidates for Praesepe and the Pleiades are comparable, which is another indication

that the field is being excluded more significantly by the proper motion criteria. In all clusters,

the color selection is more effective at ruling out < M2 objects as contaminants, while the proper

motion cut is more selective at later-type objects. The former effect is caused by the bluer colors

of earlier-type objects. The latter trend is due to mid-to-late M objects being intrinsically fainter

compared to both earlier-type field dwarfs as well as the younger cluster members, meaning they

must be closer to the cluster to be detected within the i magnitude range. However, as mentioned

previously, at these closer distances the field objects no longer behave kinematically like the cluster,

and will be more likely to fall outside the proper motion selection radius. By plotting the estimated

spectral types of all of the Taurus member candidates versus the model spectral types as a function

of i magnitude (Figure 5.11), an overabundance of M5-M6 spectral types is indeed present and
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Figure 5.7 A comparison of the (i−J) colors of our galactic field model (top) vs. the actual Praesepe

data (bottom), with the same contour and isochrone as in Figure 3.5. The model reproduces the

number density of the data across most magnitudes and colors.
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Figure 5.8 A comparison of the (i−J) colors of our galactic field model (top) vs. the actual Pleiades

data (bottom), with the same contours and isochrone as in Figure 3.6. The model tends to under-

predict the density of objects at blueward colors, but reproduces the data well around the color cut

(i.e., the plotted isochrone).
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Figure 5.9 The proper motions and colors of our Praesepe member candidates (left) and modeled

field objects selected out as candidates (right). Note the apparent over-density of field objects in

the upper-left area of the modeled vector-point diagram. This area is in the direction of the origin

(i.e., the bulk of the field population) and shows the potential variation of field contamination as a

function of proper motion.
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Figure 5.10 The proper motions and colors of our Pleiades member candidates (left) and modeled

field objects selected out as candidates (right). Note the highly “clumped” appearance of the data

objects in proper motion space.
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is centered about i = 16.5. These candidates would thus have a higher priority in subsequent

spectroscopic follow-up. SED-fits to mid-M spectral types for such candidates would prove highly

conclusively that they would indeed be additional cluster members. Three of the brightest Taurus

candidates claimed as new members in this work (#127, #129, & #194) are in fact fit to mid-M

spectral types and have an i magnitude in this range.
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Table 5.1: M-Type Candidates Selected

Candidate Population M0-M2 M3-M4 M5-M6 M7-M9

Taurus

Quality Selected1 25110 18722 9996 3194

Color Selected1 10 340 858 706

PM Selected1 879 1148 829 269

Color+PM Selected1 1 25 69 70

Color+PM Model2 263 ± 15 373 ± 24 163 ± 17 15 ± 4

Measured SpT3 5 21 14 15

Praesepe

Quality Selected 1770 876 226 29

Color Selected 128 320 171 28

PM Selected 34 44 16 5

Color+PM Selected 9 37 14 4

Color+PM Model 8 ± 3 11 ± 4 13 ± 5 3 ± 2

The Pleiades

Quality Selected 1678 675 230 19

Color Selected 91 105 55 10

PM Selected 11 16 3 2

Color+PM Selected 2 14 2 2

Color+PM Model 1 ± 1 3 ± 2 3 ± 2 2 ± 2

1Spectral types are estimated based on the measured (i− J) colors
2Model scaled by 0-24.6% based on i magnitude; Listed values are the mean and standard deviation after 104 random

selections
3The combined total of our candidates with spectroscopic follow-up and the previously claimed Taurus members with

measured spectral types that have also been selected as member candidates
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Table 5.2: Early-Type Contaminants Selected

Candidate Population F-Types G-Types K-Types

Quality Selected1 133 1116 25283

Color Selected1 0 0 0

PM Selected1 0 7 398

Color+PM Selected1 0 0 0

Color+PM Model2 0 0 45 ± 6

Measured SpT3 2 5 21

Praesepe

Quality Selected 340 834 2880

Color Selected 0 0 0

PM Selected 4 10 34

Color+PM Selected 0 0 0

Color+PM Model 0 0 1 ± 1

The Pleiades

Quality Selected 661 1444 4116

Color Selected 0 0 0

PM Selected 1 2 3

Color+PM Selected 0 0 0

Color+PM Model 0 0 0 ± 1

1Spectral types are estimated based on the measured (i− J) colors
2Model scaled by 0-24.6% based on i magnitude; Listed values are the mean and standard deviation after 104 random

selections
3The combined total of our candidates with spectroscopic follow-up and the previously claimed Taurus members with

measured spectral types that have also been selected as member candidates

64



Figure 5.11 Spectral type histograms as a function of i magnitude for the data (red) and the field

model (black). The abundance of data objects estimated to have mid-to-late M types and i ∼ 16−18

suggests a significant amount of Taurus members.
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Chapter 6

Discussion

By establishing confidence in the classification of the follow-up candidates and character-

izing the sources of contamination from the galactic field, conclusions can now be drawn concerning

the effectiveness of the candidate selection, additions to the mass functions of the target clusters,

and the status of previously claimed cluster members recovered in the data. Overall, the precision

astrometry achieved by the Pan-STARRS IPP on Megacam imaging data has yielded promising

returns in the reduction of cluster member candidates from those of color selection alone. It also

allows for effective spectroscopic follow-up, especially for kinematically distinct clusters such as

Praesepe. On the other hand, the method of using i-band magnitudes for a wide-area survey limits

the detectability of both highly embedded sources, as well as the lowest mass members. While

at zero extinction it was predicted that objects down to an early-L spectral type could be detected

in the youngest target cluster (i.e., Taurus), no such objects were found within the spectroscopic

follow-up. However, this is likely due in part to the follow-up strategy itself, which gives preference

to brighter candidates.

6.1 Properties of Identified Members

If all the candidates claimed in this work to be cluster members are indeed bona fide, then

the follow-up efficiency as defined in Chapter 1 is 19% for Taurus, 54% for Paesepe, and 29% for

the Pleiades. All but one of the new cluster members lie within the M3-M5 range, though known

Taurus members were recovered as late as M8-M9. In general, the overall confidence of candi-

date membership increases towards later spectral types where both the SED-fit and spectral index

measurements more clearly distinguish cluster members from field objects. However, the kinematic

argument stated in Chapter 5 provides additional confidence in the membership of mid-M spectral

types if their apparent i magnitudes lie above the majority of the galactic field that is mimicking
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the motion of the foreground cluster. Across the spectral type range at which cluster membership

can be reasonably determined with this selection method (≥M3), the addition of a kinematic cut to

the color criteria results in a reduction of the candidate pools for all three clusters by ∼ 92%. This

order-of-magnitude reduction in the total number of member candidates allows for more effective

spectroscopic follow-up. This is not only accomplished by simply reducing the size of the candidate

pool, as the addition of more strenuous color criteria has been applied in previous cluster searches

to also achieve such a reduction. Rather, the addition of proper motion criteria enables effective

searches within areas of the color-space normally overwhelmed by field contamination. For exam-

ple, NIR color-selection by Guieu et al. (2006) is more effective at identifying members that are

redder than the bulk of field objects. On the other hand, many of our new members are selected at

somewhat bluer colors and were not recognized by Guieu et al. (2006) as members despite lying

within the color cut (Figure 6.1). Indeed, many of the new members listed in this work across all

three clusters lie in NIR regions completely dominated by background objects and would be much

more difficult to recognize using color selection alone (Figures 6.1-6.3).

The results of this work provide additional mid-M members to all three clusters. In Taurus,

the 11-15 new members represent a 10-13% increase in the known IMF across the M3-M5 range

(see Figures 6.4 and 6.5) when compared to the full Taurus membership as reported by Luhman

et al. (2009). However, this can be regarded as a lower limit when cosidering the limited spatial

coverage of Taurus in this study. If only Taurus members within the 2006 epoch field-of-view are

considered, the IMF contribution of new members increases to 16-21%. Given the above argument

for proper motion selected member candidates with i ∼ 16 and brighter, the contribution can rise

even higher with additional spectroscopic follow-up if such candidates are shown to have a mid-M

spectral type (i.e., there are ∼ 60 Taurus member candidates in this study with these attributes).

These results are suggestive that the higher mass turn-over point of the IMF in Taurus as compared

to other young clusters as claimed by Luhman et al. (2009) may not be as distinct as previously

believed. If there is truly a previously unrecognized (but substantial) population of mid-M objects

in the Taurus membership, than the relative abundance of M-type members to earlier-type members

becomes more similar to other young clusters such as IC 348 and Chamaeleon I.

Praesepe has on the order of ∼ 500 members within the same M3-M5 range as the new

members presented here according to Kraus & Hillenbrand (2007). Thus, the new members reported

here do not add as significantly to the overall cluster mass function (3-4%). This is due in part to

previous extensive studies of Praesepe that have also relied primarily on proper motions to cull their

candidates. Boudreault et al. (2010) compared their own calculated mass function of Praesepe with
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Figure 6.1 An (i−J)/(J−Ks) color-color diagram with the same symbols and labels as Figure 4.3,

along with corresponding color histograms. The dashed green line shows the cut made by Guieu et

al. (2006) when selecting Taurus member candidates. Slightly less than half of the claimed Taurus

members in this work lie in and around the area of highest contamination from the field.

68



Figure 6.2 An iJKs color-color diagram of the Praesepe data with the same colors and labels as

Figure 4.5, along with corresponding color histograms.
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Figure 6.3 An iJKs color-color diagram of the Pleiades data with the same colors and labels as

Figure 4.7, along with corresponding color histograms.
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others published from as early as 1995. The majority of these IMFs agree in shape and consistently

rise from 0.6M� to a turn-over at 0.1M�. The new Praesepe members presented in this study

congregate about i ∼ 18.5, which according to the BC models, corresponds to the 0.1M� peak.

Thus, it is not surprising that the relatively few new members identified in this work come from the

most numerous part of the cluster population.

The 8-17 new members of the Pleiades also represent a few percent increase of the known

cluster population as reported by Lodieu et al. (2007). Their measurment of the cluster IMF peaks

about a mass of 0.2M�, and 4 out of the 8 candidates determined here to be confident members

have an i magnitude that corresponds to approximately this mass in the BC models. The remaining

confident members dwell about the substellar boundary, and some may in fact be high-mass brown

dwarfs.

6.2 Properties of Identified Non-Members

While Luhman & Mamajek (2010) have identified background galaxies as the most per-

vasive contaminant in brown dwarf cluster member searches, within this work it is instead M field

dwarfs along the line-of-sight that are contributing the most contamination to the candidate list. This

is clear from both the spectroscopic follow-up itself, as well as in the applied galactic field model.

The next most common contaminants in both the field model and the follow-up results are back-

ground K-type objects that have been reddened (mostly by the Taurus cloud). According to the field

model, such K contamination should be rare compared to the M-types. Given the spectral typing

errors stated in Chapter 4, many candidates SED-fitted to late-K dwarfs may in fact be early-M field

dwarfs. Contaminants fit to the earliest types (i.e., F objects) were included in the very first round of

follow-up due to the crude estimation of the Taurus 5-Myr isochrone. The revised fit now excludes

most of these candidates as too blue in (i − J) to be selected. As might be expected, the largest

percentage of contaminants within a follow-up sample was in Taurus, which lies closest to the bulk

galactic population in proper motion space. Because care was taken to exclude known nonmembers

from our spectroscopic follow-up, only a single candidate identified here as a Taurus nonmember

has been matched to a previous study. Candidate #188 has been confirmed as a background field

star by Shenoy et al. (2008). While DVO flags detections as point sources or extended sources,

these flags were not utilized when extracting member candidates. It is an additional indication of

the precision of the IPP astrometry that at no stage of the analysis have any of the candidates been

identified as a background galaxy.
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Figure 6.4 The total known membership for Taurus (black) with spectral types M3-M9 from Luhman

et al. (2009). The contributions shown can be considered a lower limit, as this study only observed

about 10% of the total area of the Taurus cluster, and some of the highest extinction regions were

not searched for new members.
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Figure 6.5 The total known IMF for Taurus (black) across the range of masses corresponding to

M3-M9 spectral types according to the BC Models (Luhman et al., 2009). The newest contributions

by the “A+” member candidates of Rebull et al. (2010) are given by the green histogram. The red

histogram marks the new, confident members of this study, while the blue one includes the potential

cluster members. According to the literature, the Taurus IMF is believed to be complete for <M8

(m ≥ 0.04M�).

73



6.3 Properties of Previously Claimed Members

A search of the literature for low-mass member searches of Taurus yielded 283 objects

in the M spectral type range (Table A.1), of which 212 are M3-M9. For comparison, Luhman et

al. (2009) claim 186 Taurus members for this spectral range within their IMF calculations. Given

that our 2006 Megacam pointings cover ∼ 10% of the total sky coverage of Taurus, a subset of

121 low-mass members are within the field-of-view of the image data, and 109 are detected on

multiple observations (Ndet ≥ 5). Due to the range of spectral types and the variable reddening of

the Taurus cloud, some of these claimed members are either saturated or too faint to possess robust

DVO measurements of their proper motion. Others were only imaged during a single epoch, making

a proper motion measurment impossible. Thus, there are 31 previously claimed members that have

well-measured proper motions by the DVO software, and 18 of those remain after passing them

through the same quality cut as that used for the member candidates of this study. If earlier-type

members are included, then this sample increases to 32 known Taurus members. These earlier-

type objects also passed the quality data selection, and were used to provide a more robust proper

motion measurement for Taurus (as described in Chapter 3). Since proper motion is not thought to

be heavily dependent on spectral type when considering a dynamically young cluster, these ≤M2

members should not possess a wildly different motion than their fellow, later members.

Sixteen of these claimed members congregate about a common proper motion vector. One

additional object is just outside the selection radius. Within the stated errors of the proper motion

measurements, this object could also be considered to have a motion reasonably consistent with the

cluster, resulting in 17 previously claimed cluster members that pass the proper motion criteria. All

but one of these PM-consistent members are listed as members in recent Taurus studies by Luhman

et al. (Luhman et al., 2009; Luhman, 2006; Luhman et al., 2006). Evidence of membership consists

primarily of the detection of emission lines indicating on-going accretion, as well as spectral index

measurements showing an intermediate surface gravity (see Table 6.1). The other proper motion

member is noted in Rebull et al. (2010), and is classified as a highly confident result (rank A+)

based on mid-IR color selection and optical spectroscopic follow-up. The claimed members who do

not have a motion consistent with Taurus fall into two general categories: 1) those with a measured

proper motion close to zero (consistent with the distant galactic field), and 2) those with highly

discrepant motion (consistent neither with Taurus nor the distant field). Seven members are in

the near-zero group, including two listed as well-known cluster members in Luhman et al. (2006):

PSC 04154+2823 and V410 X-ray 5a. The remaining objects are listed in Rebull et al. (2010)
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as poorer candidates (rank B+ to C-) that still lacked sufficient follow-up to be confident of their

member status. In addition, two of these Rebull candidates have extremely blue (i− J) colors (see

Figure 4.3), casting further doubt on their membership. Thus, these Rebull candidates are likely

not to be members of the Taurus cluster. The highly discrepant group consists of 8 objects from

the Luhman studies, Rebull et al. (2010), and one from Briceño et al. (2002). Among these odd-

behaving objects are KPNO 2, KPNO-Tau 9, IRAS 04166+2706, and IRAS 04264+2433, all of

whom are also listed as well-established members. The Rebull objects have high rankings (A+ to

B-) and one of them is concluded with high confidence to be a Taurus member. It remains to be seen

if the bizarre motions of these objects are due to actual intrinsic velocities of the objects, or the result

of factors that can skew the proper motion measurement (e.g., astrometric error, nebulosity, or binary

motion). However, if these motions can be confirmed, then either these objects are not true cluster

members, or they have had dynamical encounters that have changed their motion significantly when

compared the rest of the cluster.

Of the 481 M-type Praesepe members listed in Table A.2, 452 lie within the Mega-

cam field-of-view. Similar to the Taurus results, saturation and single-epoch detections reduce the

amount of previously claimed members with well-measured proper motions down to 118 objects.

As mentioned in Chapter 3, these objects can be separated into a tightly packed population in proper

motion space and a widely scattered halo. Metrics on how consistent these objects are in proper mo-

tion with the Praesepe cluster are provided by both Adams et al. (2002) and Kraus & Hillenbrand

(2007). The former uses a functional fit to the cluster in proper motion space that gives a proba-

bility based on an object’s distance from the mean cluster motion. Significant member candidates

are given as having a probability of p ≥ 0.2. The authors note that their method is sensitive to

field contamination due in part to their wide magnitude range of study (8.5 ≤ Ks ≤ 15). Kraus &

Hillenbrand (2007) utilize a metric that takes into account both the candidate’s spatial location and

proper motion. They describe “high-probability” candidates as having a membership percentage of

Pmem ≥ 80%.

For the Praesepe population matched to objects in this study that are consistent with the

bulk cluster motion, the mean probability for membership given by Adams et al. (2002) is p =

0.463 ± 0.019. The same metric for the scattered population is p = 0.431 ± 0.028. Using the

Kraus & Hillenbrand (2007) metric, the results for the tightly-packed and halo populations are

Pmem = 98.0 ± 0.5 and Pmem = 96.9 ± 0.5, respectively. While the population also chosen

as candidates by this study possesses the higher probability value using both metrics, neither is

significantly higher than about 1-sigma from the discrepant population value. For Adams et al.

75



(2002), this may be caused by the aforementioned field contamination (∼ 30%) mimicking the

motion of the cluster. In the case of Kraus & Hillenbrand (2007), their use of a selection radius

twice the size of the one used in this study (20 mas/yr) would be more accepting of candidates

and assign those within 10 mas/yr of our selection boundary a higher probability. As one might

expect, the primary evidence of cluster membership in the literature for these objects is proper

motion, although some members possess additional spectroscopic evidence from spectral indices

and significant Hα emission (see Table 6.2).

A total of 111 previously claimed low-mass members of the Pleiades lie within the Mega-

cam fields of this study (Table A.3), of which 26 have well-measured proper motions. Nearly all

are located near the bulk motion of the cluster, and have been identified as members by Bihain et al.

(2006) and Lodieu et al. (2007). Both studies cite color and proper motion selection as the primary

evidence of membership.
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Chapter 7

Conclusions

I have taken Megacam i-band imaging of the Taurus, Praesepe, and Pleiades open star

clusters in order to conduct a proper motion and color search for new, low-mass members. Com-

bining this new imaging with CFHT archival data and NIR detections from 2MASS, a multi-year

baseline was produced from which to extract measurable proper motions. The Pan-STARRS IPP

software was used to obtain high-precision astrometric measurements out to cluster distances of

∼ 140 − 200 pc. Using both proper motion and color selection, 33 new low-mass cluster mem-

bers have been identified, along with an additional 18 potential cluster members and 4 members

recovered from previous cluster searches. The member status of 134 cluster member candidates has

been established via low-resolution NIR spectroscopy from the SpeX instrument. The SEDs of the

member candidates were fitted to empirical templates of known spectral type and surface gravity,

and permitted to be reddened at the typical values expected for younger clusters such as Taurus.

The fits were complemented by measured spectral indices known to distinguish objects of high and

low surface gravity. The combination of a mean spectral type index and gravity-sensitive Na index

is able to separate M-type field dwarfs from M giants and low-mass cluster members across the

M3-M9 range. The use of both the SED-fitting and spectral index measurements allows for the

classification of followed-up candidates as being bona fide members or galactic field contaminants.

Using a model of the galactic field population by Robin et al. (2003), the greatest con-

taminants were found to be M-type field dwarfs located ∼ 100 − 1000 pc behind the clusters. The

motion of the Taurus cluster leaves it vulnerable to heavy field contamination, including that of

reddened background giants. However, the Praesepe and Pleiades clusters have a very discrepant

motion from the majority of the galactic field, and suffer much less kinematic contamination. The

earliest M field dwarfs (M0-M2) appear as false positives across most or all of the observed i mag-

nitude range. However, brighter M3 and later type candidates are likely to be bona fide cluster
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members, as they must fulfill the proper motion criteria of the cluster whilst also lying close enough

to be detected at such magnitudes. This dynamical argument provides greater confidence in the

membership status of bright member candidates if they are fit to mid-M spectral types. This is of

particular advantage, as such cluster members often share NIR color-space with the bulk of the field

population (i.e., M field dwarfs).

The inclusion of proper motion selection reduces the color-selected candidate list by

nearly an order-of-magnitude, allowing more effective spectroscopic follow-up. If all the claimed

members in this study are in fact genuine, then the follow-up efficiency of the target clusters is 19%

for Taurus, 54% for Praesepe, and 29% for the Pleiades. The majority of newly reported members

are of spectral type M3-M5, and new Taurus members make up a 10-14% minimum increase in the

known cluster IMF across this spectral type range. These results are suggestive that the Taurus IMF

may not be as deviant from other young clusters as previously thought. On the other hand, there are

previously claimed Taurus and Praesepe members with highly discrepant motions from the mean

cluster value. Many of these objects have significant evidence of membership, and further inquiry

is needed to determine if the proper mtoion measurements are inaccurate, or if such objects indeed

possess very unusual motions relative to the rest of the cluster population.

This study shows the feasibility of broader and longer-term low-mass cluster member

searches using the Pan-STARRS IPP software with high-quality imaging. The Pan-STARRS-1 Sur-

vey now in operation will regularly image the entire sky visible from Hawaii down to the extremely

red y-band from 2010-2013. Combining this data with more recent NIR surveys such as UKIDDS

offers the potential to find low-mass members at even larger distances than the clusters presented

here. Such future study will extend the proper motion and color member search down to fainter

magnitudes, lower masses, and lead to a more complete census of nearby star-forming regions.
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Appendix A

Previously Claimed Low-Mass Cluster

Members

The tables listed below are the result of an extensive search of the literature for known low-

mass members of the Taurus, Praesepe, and Pleiades clusters. The search was conducted for two

primary purposes. First, to minimize the number of cluster members already with published NIR

spectra from being unintentionally re-observed during spectroscopic follow-up. In the end, only 4

known members of Taurus were unintentionally recovered by spectroscopy. All other followed-up

cluster member candidates (with the exception of one known non-member) had not yet had their

membership status determined at the time of this study. The second purpose of this literature search

was to match the imaging and proper motion data in this work to known members in order to

determine if they pass the PM+Color selection method. While some earlier-type members are listed

below (as they were included in some published tables with the lower-mass members), the only

attempt to be as comprehensive and complete as possible was for the M-type cluster members, as

they are the focus of this work. The criteria for an object to be included in the tables were:

1. The object was claimed as a cluster member as part of study to identify low-mass members

of Taurus, Praesepe, or the Pleiades

2. The object possessed evidence for cluster membership, or was quoted in multiple studies as a

well-established cluster member

The tables are presented in the following format:

• Column 1: The ID number of the object as given by this work

• Column 2: Other identifiers as given by the associated reference(s)
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• Columns 3-4: The reported RA and DEC for the object in J2000 coordinates

• Column 5: The reported J magnitude for the object as given in the associated reference(s)

• Column 6: The spectral type for the object as given in the associated reference(s)

• Columns 7-14: The evidence for membership as given in the associated reference(s); SPEC

= Object’s SED is fit to a cluster member template, and/or the object has spectral index mea-

surement(s) that correspond to an intermediate surface gravity; PM = Object’s proper motion

consistent with the bulk cluster motion; LI = Object has lithium detected in absorption; HA

= Object has strong Hα emission consistent with on-going accretion; UV = Object claimed

as a member due to UV excess; MIR = Object selected as a member candidate from multiple

color cuts in the mid- and/or far-IR; OPT/NIR = Object is noted as being selected as a mem-

ber candidate using optical and/or NIR color selection; ARCH = An archival object (i.e., an

object is quoted in associated reference(s) as a well-established member of the cluster)

• Columns 15-17: All references associated with the information presented on the object:

ADAM02 = Adams et al. (2002), BARA98 = Baraffe et al. (1998), BEJ00 = Béjar (2000),

BIH06 = Bihain et al. (2006), BOU06 = Bouy et al. (2006), BRIC02 = , CASE07 = Casewell

et al. (2007), CHAP05 = Chappelle et al. (2005), FIND10 = Findeisen & Hillenbrand (2010),

GGAR06 = González-Garcı́a et al. (2006), HAM93 = Hambly, Hawkins, & Jameson (1993),

HAMB95 = Hambly et al. (1995), JONE91 = Jones & Stauffer (1991), KLEI27 = Klein

Wassink (1927), KRAU07 = Kraus & Hillenbrand (2007), LODI07 = Lodieu et al. (2007),

LUHM04 = Luhman (2004), LUHM06a = Luhman (2006), LUHM06b = Luhman et al.

(2006), MORA03 = Moraux et al. (2003), QUAN10 = Quanz et al. (2010), REBU10 = Rebull

et al. (2010), SLES06 = Slesnick et al. (2006), WICH00 = Wichmann et al. (2000)
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Appendix B

SED Fitting Results of Member

Candidates

The figures below display the entire, best-fit results from the SED fitting technique ap-

plied to the cluster member candidates described in Chapter 4. For the sake of visual clarity, the

spectra have been gaussian smoothed, normalized, and shifted by a constant value. Also for ease

of viewing, spectra with especially high J-band flux have been edited so as to not overlap other

candidate spectra within the figure. Each candidate’s caption lists (from top to bottom): the ID of

the member candidate as given in this work, the spectral and luminosity types of the best fit template

to the candidates, the amount of reddening applied to the template to achieve the best fit in visual

magnitudes of extinction, and the “status” of the fit as a result of visual inspection. The status is

given in the three broad categories of “GOOD”, “OK”, and “POOR”, and these status values were

taken into account when assigning the final membership status of each candidate.
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Figure B.1 The best-fit results for Taurus member candidates #000-011. The candidate spectra (red)

are normalized and compared with the reddened, best-fit template (black). Each pair of spectra have

been guassian smoothed with σ = 2 data points and shifted by a constant for reasons of visual

clarity.
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Figure B.2 The best-fit results for Taurus member candidates #012-023. Colors are the same as in

Figure B.1
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Figure B.3 The best-fit results for Taurus member candidates #024-035. Colors are the same as in

Figure B.1
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Figure B.4 The best-fit results for Taurus member candidates #036-119. Colors are the same as in

Figure B.1
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Figure B.5 The best-fit results for Taurus member candidates #120-131. Colors are the same as in

Figure B.1
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Figure B.6 The best-fit results for Taurus member candidates #132-192. Colors are the same as in

Figure B.1
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Figure B.7 The best-fit results for Taurus member candidates #193-203. Colors are the same as in

Figure B.1
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Figure B.8 The best-fit results for Praesepe member candidates #091-102. Colors are the same as in

Figure B.1

170



Figure B.9 The best-fit results for Praesepe member candidates #103-114. Colors are the same as in

Figure B.1
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Figure B.10 The best-fit results for Pleiades member candidates #063-086. Colors are the same as

in Figure B.1
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Figure B.11 The best-fit results for Pleiades member candidates #087-181. Colors are the same as

in Figure B.1
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Figure B.12 The best-fit results for Pleiades member candidates #182-183. Colors are the same as

in Figure B.1
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Appendix C

Spectroscopic Follow-Up Observing

Logs

Table C.1: Taurus Follow-Up Observations

ID Date Mode1 Weather2

000 Nov-07 SXD High Humidity

001 Nov-07 Prism Clear

002 Nov-07 SXD Clear

003 Nov-07 Prism High Humidity

004 Nov-07 SXD Clear

005 Nov-07 SXD Clear

006 Nov-07 Prism High Humidity

007 Nov-07 SXD Clear

008 Nov-07 SXD Clear

009 Nov-07 SXD Incoming Fog

010 Nov-07 Prism High Humidity

011 Nov-07 SXD Clear

012 Nov-07 Prism High Humidity

013 Nov-07 Prism High Humidity

014 Nov-07 Prism High Humidity
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Table C.1 (cont’d)

ID Date Mode1 Weather2

015 Nov-07 Prism High Humidity

016 Nov-07 Prism High Humidity

017 Nov-07 SXD Clear

018 Nov-07 SXD Clear

019 Nov-07 SXD Clear

020 Nov-07 SXD Clear

021 Nov-07 SXD Clear

022 Nov-07 SXD Clear

023 Nov-07 Prism High Humidity

024 Nov-07 Prism High Humidity

025 Nov-07 Prism High Humidity

026 Nov-07 SXD Clear

027 Nov-07 Prism High Humidity

028 Nov-07 Prism High Humidity

029 Nov-07 SXD Clear

030 Nov-07 SXD Clear

031 Nov-07 SXD Clear

032 Nov-07 SXD Clear

033 Nov-07 SXD Clear

034 Nov-07 SXD Clear

035 Nov-07 SXD Clear

036 Nov-07 SXD Clear

037 Nov-07 SXD Clear

038 Nov-07 SXD Clear

039 Nov-07 SXD Clear

040 Nov-07 SXD Clear

041 Nov-07 SXD Clear

042 Nov-07 SXD Clear

115 Jan-09 SXD High Humidity
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Table C.1 (cont’d)

ID Date Mode1 Weather2

116 Jan-09 SXD High Humidity

117 Jan-09 SXD High Humidity

118 Jan-09 SXD Clear

119 Jan-09 SXD Clear

120 Jan-09 SXD Clear

121 Jan-09 SXD Clear

122 Jan-09 SXD Clear

123 Jan-09 SXD Clear

124 Jan-09 SXD Clear

125 Jan-09 SXD High Humidity

126 Jan-09 SXD Cloudy

127 Jan-09 SXD Cloudy

128 Jan-09 SXD Clear

129 Jan-09 SXD Clear

130 Jan-09 SXD Clear

131 Jan-09 SXD Clear

132 Jan-09 SXD Clear

133 Jan-09 SXD Clear

134 Jan-09 SXD Clear

135 Jan-09 SXD Clear

136 Jan-09 SXD Clear

186 Nov-09 Prism Clear

187 Nov-09 SXD Clear

188 Nov-09 SXD Clear

189 Nov-09 SXD Clear

190 Nov-09 SXD Clear

191 Nov-09 Prism Clear

192 Nov-09 SXD Clear

193 Nov-09 Prism Clear
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Table C.1 (cont’d)

ID Date Mode1 Weather2

194 Nov-09 SXD Clear

195 Nov-09 SXD Clear

196 Nov-09 SXD Clear

197 Nov-09 SXD Clear

198 Nov-09 SXD Clear

199 Nov-09 SXD Clear

200 Nov-09 Prism Clear

201 Nov-09 Prism Clear

202 Nov-09 SXD Clear

203 Nov-09 SXD Clear

1Prism = Prism mode (R ∼ 100); SXD = Short Cross-Dispersed mode (R ∼1000)
2Weather conditions at the time of observation
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Table C.2: Praesepe Follow-Up Observations

ID Date Mode1 Weather2

091 Jan-09 SXD High Humidity

092 Jan-09 Prism High Humidity

093 Jan-09 Prism Clear

094 Jan-09 Prism Clear

095 Jan-09 Prism Clear

096 Jan-09 Prism High Humidity

097 Jan-09 SXD High Humidity

098 Jan-09 Prism Clear

099 Jan-09 Prism Clear

100 Jan-09 Prism High Humidity

101 Jan-09 Prism High Humidity

102 Jan-09 Prism Clear

103 Jan-09 Prism Clear

104 Jan-09 Prism Clear

105 Jan-09 Prism High Humidity

106 Jan-09 Prism Clear

107 Jan-09 Prism Clear

108 Jan-09 Prism Clear

109 Jan-09 Prism Clear

110 Jan-09 Prism Clear

111 Jan-09 Prism Clear

112 Jan-09 Prism High Humidity

113 Jan-09 Prism Clear

114 Jan-09 Prism High Humidity

1Prism = Prism mode (R ∼ 100); SXD = Short Cross-Dispersed mode (R ∼1000)
2Weather conditions at the time of observation
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Table C.3: Pleiades Follow-Up Observations

ID Date Mode1 Weather2

063 Aug-08 SXD Clear

064 Aug-08 SXD Clear

065 Aug-08 SXD Clear

066 Aug-08 SXD Clear

067 Aug-08 SXD Clear

068 Aug-08 SXD Clear

069 Aug-08 SXD Clear

070 Aug-08 SXD Clear

082 Jan-09 SXD Clear

084 Jan-09 Prism High Humidity

085 Jan-09 SXD High Humidity

086 Jan-09 Prism High Humidity

087 Jan-09 SXD High Humidity

088 Jan-09 SXD Clear

089 Jan-09 SXD Clear

090 Jan-09 Prism Clear

174 Nov-09 SXD Clear

175 Nov-09 Prism Clear

176 Nov-09 SXD Clear

177 Nov-09 Prism Clear

178 Nov-09 SXD Clear

179 Nov-09 SXD Clear

180 Nov-09 SXD Clear

181 Nov-09 Prism Clear

182 Nov-09 SXD Clear

183 Nov-09 Prism Clear
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Table C.3 (cont’d)

ID Date Mode1 Weather2

1Prism = Prism mode (R ∼ 100); SXD = Short Cross-Dispersed mode (R ∼1000)
2Weather conditions at the time of observation
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