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The ages of cool and ultracool dwarfs are particularly important. For cool M dwarfs,

accurate ages combined with their ubiquity in the stellar disk could lead to a new level

of precision in age dating the Galaxy. A better understanding of the chromospheres of M

dwarfs could provide important clues about the relationship between activity and age in

these low mass stars. Ultracool (late-M and L) dwarfs have the distinction of including both

warm, young brown dwarfs and stars with mean ages more representative of the stellar disk.

Kinematics are a source of mean ages and could provide or confirm discriminating features

between stars and brown dwarfs. This thesis is composed of several different projects, each

investigating the activity or kinematics of cool or ultracool dwarfs.

First, a sample of nearly 500 L dwarfs selected from SDSS DR7 photometry and spec-

troscopy is examined; we discovered 200 new L dwarfs and found evidence of a bias to-

wards red J − KS colors in the entire population of previously known L dwarfs. Using

the three-dimensional kinematics of 300 SDSS DR7 L dwarfs, we find that their kinematics

are consistent with those of the stellar disk and include a previously undetected thick disk

component. We also confirmed a relationship between age and J − KS color (due to our

large sample of UVW motions and unbiased J − KS colors), with blue L dwarfs having

hotter kinematics (consistent with older ages) and redder L dwarfs having colder, younger

kinematics.

The DR7 L dwarf sample showed no distinct kinematic difference between young brown





dwarfs and disk-age stars, perhaps due to a bias towards early spectral types. In order to

probe the kinematic distribution of L dwarfs in a volume-limited sample, we began a survey

of radial velocities of nearby (d<20pc) L dwarfs using the TripleSpec instrument on the ARC

3.5-m telescope at APO. While several reduction packages were tested on the TripleSpec

data, none were found to provide reductions of sufficient quality for the measurement of

radial velocities.

Another avenue for kinematic investigation was identified: the assembly of a large sample

of late-M and L dwarfs using a combination of SDSS DR7 and BOSS photometry and

spectroscopy, supplemented by photometry from 2MASS and WISE. In agreement with

previous work, we find that colors based on a combination of SDSS and 2MASS photometry

are well correlated with spectral type for early-L dwarfs, while infrared colors (from 2MASS

and WISE alone) are well correlated with spectral type for the latest L dwarfs. Using

the kinematics of this sample, we confirm that there is no relationship between velocity

dispersions and spectral type, indicating that young brown dwarfs are not a significant

component of early-L dwarfs in the field. The velocity dispersions of active and inactive

dwarfs are also suggestive of an age activity relation for late-M and L dwarfs.

The BOSS Ultracool Dwarf sample has also proven ideal for investigating the activity

properties of M and L dwarfs using the presence and strength of Hα emission. We show that

the fraction of objects which show Hα emission increases from early-M dwarfs through the

L1 spectral type. Additionally, we use the NLTE radiative transfer code RH to investigate

the ranges of temperature structure and filling factors of M and L dwarf chromospheres by

generating the observed levels of Hα emission. To produce the observed levels of emission,

the typically strongly emitting early-M dwarfs need hot chromospheres covering over 1%

of their surfaces, while L dwarfs, which emit Hα at much weaker levels, need much less

extended and/or cooler chromospheres.

Hα can be difficult to detect in L dwarfs due to their faint optical luminosities, but they

are relatively bright in the infrared. To begin a search for chromospheric indicators in the

infrared, we began a monitoring program designed to detect infrared emission lines from M





dwarf flares. We present the first reported detection of infrared emission lines during an M

dwarf flare. Based on 50 hours of monitoring in the infrared, we estimate that M dwarfs

spend ∼3% of the time showing infrared emission lines. Using RH, we show that a very hot

chromosphere (T∼30,000K) is required to produce the line flux rations observed in optical

and infrared spectra of our strongest flare.
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Chapter 1

INTRODUCTION

In this dissertation, I characterize the kinematic and chromospheric properties of cool

(M) and ultracool (late-M and L) dwarfs to better understand their ages and magnetic field

strengths. An improved understanding of these two properties will ultimately elucidate the

differences between stars and brown dwarfs and our understanding of how magnetic fields

interact with the atmospheres of these extremely cool and low-mass objects.

The M and L spectral classes include both the end of the stellar main sequence (stars

much cooler and less massive than our Sun) and the warmest brown dwarfs (objects formed

like stars that are not massive enough for sustained core hydrogen burning). M dwarfs have

the distinction of being the most common stars in the galaxy, and as such they are currently

drawing attention due to their potential as habitable planet hosts (Scalo et al. 2007; Tarter

et al. 2007). The L spectral class holds particular interest because it bridges the gap between

stars and brown dwarfs; the coolest stars have L spectral types, and brown dwarfs (with

the same effective temperatures and luminosities as L stars) can be found throughout the

L spectral sequence depending on their mass and age (Chabrier & Baraffe 2000).

Kinematics, or the velocities of stars, have long been a useful statistical tracer of age

(Wielen 1977). Stars are formed in molecular clouds, which typically have nearly circular

Galactic orbits. These stellar orbits become increasingly eccentric and inclined as the star

ages due to gravitational interactions between the star and molecular clouds in the Galactic

plane. Age is particularly important to distinguish between the stellar and sub-stellar

(brown dwarf) members of the ultracool dwarf population. Brown dwarfs that have not

yet cooled past the L spectral sequence have relatively young ages, while L stars have ages

similar to those of the rest of the stellar population (e.g., Burrows et al. 2001).

Activity is a blanket term that refers to any emission tracer of magnetic fields on the

surface of stars. M dwarfs are known for their strong magnetic fields (e.g., Donati & Land-
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street 2009) that result in strong quiescent activity and flares. Some L dwarfs show evidence

of equally strong magnetic fields (e.g., Audard et al. 2007; Hallinan et al. 2008), but tracers

of magnetic activity are either present at weaker levels or entirely absent in part due to

their cooler, more neutral atmospheres.

I have two main goals in this dissertation. The first is to use the kinematics of cool and

ultracool dwarfs to determine the ages of these objects and ultimately provide a mechanism

to differentiate between stars and brown dwarfs within the L spectral class. Kinematics

provide an essential calibration for additional properties that may depend primarily on age

(e.g., color, activity). If ages can be determined well enough to provide a clear separation

between these two classes of objects, it will be possible to determine of the mass function

at the stellar/sub-stellar boundary.

The second goal is to use emission lines to explore the chromospheric structures of M

and L dwarfs. Magnetic fields are ubiquitous on low mass stars and brown dwarfs, and a de-

tailed understanding of chromospheric emission lines indicates how strongly magnetic fields

interact with the atmospheres of cool and ultracool dwarfs. I apply the same atmospheric

modeling code to detailed observations of a single flare and to observations of Hα emission

on thousands of stars to examine both flaring and quiescent chromospheres.

As an introduction, I will review the discovery and characteristics of cool and ultracool

dwarfs, discuss magnetic fields and observational tracers of quiescent and flaring magnetic

activity, and explain the usefulness of kinematics in examining the ages of ultracool dwarfs.

I will also describe the observational resources that were essential to the completion of this

dissertation and outline the rest of the chapters.

1.1 Overview of Cool and Ultracool Dwarfs 1

1In general, the term “cool dwarfs” refers to stars the temperature of the Sun and cooler. In this thesis,
“cool dwarfs” refers exclusively to M dwarfs and includes no G or K stars. “Ultracool dwarfs” is a term
coined by Kirkpatrick et al. (1997) that refers to dwarfs of spectral type M7 and later; in this thesis it will
typically refer to spectral types M7-L8.
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1.1.1 Discovery and Classification of M and L dwarfs

The classification of stars using spectral features is one of the oldest topics in the science

of astronomy. To provide a context for more recent work, I will briefly review the history

of classification (which includes M dwarfs, but only in small numbers) before summarizing

the discovery and classification of M and L dwarfs.

The Beginnings of Stellar Classification

The first stellar spectrum dates back to Sir Isaac Newton; he used a prism to examine the

light of the Sun, but his early attempt did not have sufficient resolution to detect absorption

lines in the solar spectrum (Newton 1672). The field of astronomical spectroscopy essentially

lay dormant for over a century, until 1802. In the same year, Young (1802) established

“wavelength” as a numerical measurement of color and Wollaston (1802) observed the solar

spectrum with sufficient resolution to detect absorption lines.

These solar absorption lines were observed in greater detail by Fraunhofer (1823, 1824),

who labeled the strongest 10 lines with letters, some of which are still used today (e.g., Ca

II H and Na II D). Fraunhofer also examined the spectra of six of the brightest stars and

was one of the first to note that they did not all contain the same absorption lines as the

Sun, which laid a foundation for spectroscopic classification of stars other than the Sun.

The first stellar classification schemes were published four decades later (Donati 1863;

Rutherfurd 1863) based on samples of 10-20 stars. These first attempts typically organized

stars into three or four groups based on their colors and spectral features, separating solar-

type and cooler stars, white stars with strong absorption lines (likely A and F stars) and

white stars with weak or no absorption lines (OB stars). Classification efforts then com-

menced in earnest, with the largest contemporary catalog containing over 400 stars (Secchi

1867). Secchi was also the first to further subdivide his classification scheme; his types were

assigned letters A through M based on the strength of their hydrogen absorption features.

The Henry Draper Memorial stellar catalog, assembled between 1890 and 1930, adapted

Secchi’s letters, re-arranged into their present configuration (OBAFGKM) to represent

a temperature sequence (which had long been suspected, but was proved by Wilsing &
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Scheiner 1909). These types were widely adopted, in part because the final catalog included

over 200,000 stars (Cannon & Pickering 1924), a number that far surpassed the number of

stars classified on any other system.

The last crucial step in designing the modern spectral sequence was the separation of

dwarf and giant stars. While dwarfs and giants do have distinct spectral features due to

drastically different surface gravity, these were largely unrecognized in early classification

efforts. The invention of the Hertzspring-Russell Diagram, which organized stars by both

their temperature and luminosity, finally separated M dwarfs from M giants (Hertzsprung

1907; Russell 1913). At the time, very few M dwarfs were known, due to their faint absolute

magnitudes (MV ≥ 6).

These advancements in classification were all integrated into a single scheme by Morgan

et al. (1943, known as the MKK system) that is still in use today. The MKK classification

scheme did not include the latest M dwarfs or the (not yet discovered) L dwarfs; those

developments are discussed below. More recent additions to spectral classification (which

are not discussed in detail) include the definition of the even cooler “T” spectral class

(Burgasser et al. 2002b; Geballe et al. 2002; Burgasser et al. 2006) based on near-infrared

(9000-25000Å) data, and the current development of a classification scheme for the newly

discovered “Y” spectral class (Cushing et al. 2011).

An M Dwarf Spectral Sequence

The MKK system continued to exclude later M dwarfs for nearly 30 years, but in the 1970’s

a few different classification schemes were proposed. The two most popular schemes were

designed by Wing (1973) and Boeshaar (1976) using similar classification philosophies, but

differed in the specific relationships between band strength and spectral subtype. For early-

M dwarfs, the classifications were based on the strength of a number of TiO bands, and for

later M dwarfs the main features used were TiO, VO (at 5736 and 5759Å) and CaOH at

5530-60Å (see Figure 1.1).

These classifications were difficult to use for the latest M dwarfs, where the majority

of the spectral flux is at wavelengths redder than 6000Å. The two classification systems



5

6500 7000 7500 8000 8500 9000
Wavelength (Å)

0

1

2

3

4

5

N
or

m
al

iz
ed

 F
lu

x 
+ 

C
on

st
an

t

Li I
K I

Rb I

Na I

Cs I

FeH
Cs I

TiO

CrHNa I

Hα CaH

VO TiO

K I
VO

TiO
TiO

VO

FeH

CrH

TiOHα

TiO TiO

Na I

CaH
K I Na I

M0

M4

M8

L2

L6

Figure 1.1 Spectra of M0, M4, M8, L2, and L6 dwarfs. The M dwarf spectra are templates
from Bochanski et al. (2007b), and the L dwarfs are spectral standards from Kirkpatrick
et al. (1999), made available at http://www.stsci.edu/∼inr/ultracool.html. Atomic lines
and molecular bands are labeled using the lists provided in Kirkpatrick et al. (1991, 1999).
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were adapted to use redder wavelengths (6600-10000Å) by Kirkpatrick et al. (1991) and

Bessell (1991) (for the Boeshaar and Wing systems respectively). In subsequent years, the

Kirkpatrick et al. (1991) system was more widely adopted (e.g., Reid et al. 1995; Cruz et al.

2003; West et al. 2011) so that system is described here.

The Kirkpatrick et al. (1991) system relies on an overall match to spectral templates,

which incorporates both the strength of molecular bands in addition to the overall spectral

slope. Both of these features change dramatically over the M spectral sequence (as shown

in Figure 1.1). The main features that define the M dwarf sequence are:

• An increasingly red spectral slope

• The increasing strength of the TiO absorption bands (7053Å, 7589Å, 7666Å, etc.)

• The appearance of the VO absorption bands (7334Å, 7851Å, and 8251Å)

• The appearance of the 8692Å FeH band and the 8611Å CrH band

Discovery and Classification of L dwarfs

The first L dwarf, GD 165B, was discovered as the common proper motion companion to

a nearby white dwarf (Becklin & Zuckerman 1988), but its peculiar spectrum (now typed

as an L4) was not at the time widely recognized as a >M9 object. Due to their intrinsic

faintness in optical bands, the discovery of objects which are now identified as L dwarfs

were next reported in 1997. In that year, six different L dwarfs were reported (Delfosse

et al. 1997; Kirkpatrick et al. 1997; Ruiz et al. 1997; Tinney et al. 1997).

The majority of these L dwarfs were discovered in new infrared surveys - most notably

the Deep Near Infrared Survey (DENIS; Epchtein et al. 1994) and the Two Micron All Sky

Survey (2MASS; Skrutskie et al. 2006). These surveys had long been impossible due to

the insensitivity of classic CCD technology to infrared light, but infrared detectors were

developed in the 1990’s. With the new detector technology available, surveys of the sky in

the J , H, and K bands were not only possible, but essential for the discovery of L dwarfs,

which are brightest in infrared colors.

As 2MASS and DENIS expanded their survey coverage, sufficient L dwarfs were discov-

ered to outline a classification scheme based on their red optical spectra. Two classification
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schemes were developed concurrently, both based on a temperature scheme but differing

primarily in the estimated end of the L spectral sequence. Both schemes were designed so

that the onset of the 2.2µm methane band (observed in the spectrum of the coolest known

dwarf, Gl 229B; Nakajima et al. 1995; Oppenheimer et al. 1995) would be the defining

feature of the next coolest spectral type. Mart́ın et al. (1999) claimed that would happen

at Teff=1200K, while the coolest known L dwarf had a temperature of Teff=1600K (based

on a calibration by Basri et al. 2000) so they defined a sequence that arranged all known L

dwarfs from L0 to L6, expecting that cooler L dwarfs would soon be discovered. Kirkpatrick

et al. (1999) argued that methane would appear in objects only slightly cooler than those

known, so they defined the latest known dwarf as an L8.

In part because subsequent observations found that methane was present in slightly

cooler dwarfs (e.g., Geballe et al. 2002), and in part because the Kirkpatrick et al. (1999)

classifications were immediately more widely used (e.g., Fan et al. 2000; Kirkpatrick et al.

2000; Gizis et al. 2000), the Kirkpatrick et al. (1999) classifications are more widely adopted,

and are used in this thesis as well. The main features used to classify L dwarfs in the red

optical (which are shown in Figure 1.1) are:

• The weakening and disappearance of the TiO and VO bands

• The appearance of the Rb I lines at 7948Å and the Cs I lines at 8521Å and 8943Å

• The strengthening and broadening of the 7665/7665Å K I doublet

• The strengthening of the 8611Å CrH band compared to the 8692Å FeH band

1.1.2 Physical Properties of M and L Dwarfs

Concurrently with the definition of the M and L dwarf spectral sequences, a combination of

models and observations were used to measure and calculate the physical properties of these

low mass objects. Dwarfs in the spectral class M have bolometric luminosities of 5×10−2

to 5×10−4 L� and effective temperatures ranging from 3800 to 2300K (Leggett et al. 2001;

Casagrande et al. 2008), masses ranging from 0.6 to 0.08 M� and radii of 0.6 to 0.08 R�

(e.g, López-Morales 2007; Kraus et al. 2011, and references therein). In addition to being

small and faint, M dwarfs are predicted to have long lives (∼1012 years) due to the slow
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rate of fusion in their cores. L dwarfs have measured bolometric luminosities of 5×10−4 to

3×10−5 L� and effective temperatures of 2200K to 1200K (Golimowski et al. 2004; Cushing

et al. 2006), masses smaller than 0.08 M� and radii smaller than 0.08 M�. There is no firm

lower limit on masses and radii of L dwarfs because the L spectral class contains both stars

(massive enough to sustain core hydrogen burning; M ≥ 0.077M�) and brown dwarfs (lower

mass objects with no sustained fusion; M ≤ 0.076M�).

While stellar L dwarfs achieve a constant Teff and luminosity once they initiate core

hydrogen fusion, brown dwarfs both cool (decrease in Teff) and dim (lose luminosity) as

they age (shown in Figure 1.2; Burrows et al. 1993, 1997). Brown dwarfs that are still warm

enough to be classified as L dwarfs are still relatively young, while stellar L dwarfs should

have ages more representative of disk stars. For example, an L2 dwarf could be an M =

0.078 M� star between 4 and 10 Gyr old, or an M = 0.060 M� brown dwarf with an age

of ∼2 Gyr. The radii of brown dwarfs also contract as they age, creating another minor

degeneracy between mass, radius, and age. To fully understand the physical properties of

L dwarfs, it is important to derive their ages.

1.1.3 Dust Clouds in Ultracool Dwarfs

At the low temperatures of ultracool dwarf atmospheres, molecules begin to condense onto

dust grains (e.g., Tsuji et al. 1996a,b). In L dwarfs, the most abundant of these grains are

of perovskite and corundum (which begin to form in late-M dwarf atmospheres) and Mg-

Silicates (Lodders & Fegley 2006). These grains are a major source of opacity throughout the

near- and mid-infrared, and the condensation of perovskite (CaTiO3) is the main avenue

for depleting the TiO, leading to the disappearance of the TiO bands from the optical

spectrum (Allard 1998; Allard et al. 2001). Due to the relative strengths of dust and H2

opacity (which mainly absorbs in the KS band, thicker clouds cause redder J − K colors

(strong dust opacity in the J-band), while thin or patchy clouds result in bluer infrared

colors (weaker dust opacity in the J-band; Allard 1998; Burrows et al. 2006; Helling et al.

2008; Allard et al. 2011; Marley et al. 2010). Observations relating to the properties of these

dust clouds are often split between those focusing on dwarfs either with particularly red or
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Figure 1.2 Teff (left) and luminosity (right) as a function of age for stars (M ≥ 0.077M�)
and brown dwarfs (M ≤ 0.076M�) from Burrows et al. (1993, 1997). Brown dwarfs cool and
dim as they age, while stars settle at a constant Teff and luminosity. Each color represents
a different mass, which are given in terms of M� between the two panels. The conversion
from temperature to spectral type (shown along the right axis of the left panel) is from
Stephens et al. (2009).

blue J −KS colors, corresponding to thicker and thinner clouds.

Red L dwarfs are particularly easy to select from near-infrared surveys (e.g., 2MASS)

because their colors are distinct from those of brighter, slightly bluer late-M dwarfs. These

L dwarfs have spectroscopic features consistent with youth, including the presence of lithium

absorption and a substantially weakened K I doublet (which typically has pressure-broadened

wings; Kirkpatrick et al. 2008; Cruz et al. 2009). Similar features and red J − KS colors

have been found in L dwarfs from young moving groups (Allers et al. 2007; Bannister &

Jameson 2007; Jameson et al. 2008b), providing further evidence that these red L dwarfs are

young, and measurements of linear polarization confirm their dusty nature (e.g. Zapatero

Osorio et al. 2005).

Concurrently with the classification of red L dwarfs, a subclass of blue L dwarfs was

also identified in 2MASS and SDSS (e.g., Cruz et al. 2003; Knapp et al. 2004; Chiu et al.

2006; Cruz et al. 2007; Bowler et al. 2010; Schmidt et al. 2010a). These blue L dwarfs have

reduced absorption in the J band, which is likely due to a reduction of condensate clouds

(Knapp et al. 2004; Burgasser et al. 2008; Bowler et al. 2010; Cushing et al. 2010). The
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lack of confirmed Li I detections in any of these blue L dwarfs provides further evidence

that they are likely old (Burgasser et al. 2008) and their high tangential velocities indicate

they are are part of a kinematically hotter (older) population (Faherty et al. 2009). The

blue colors and old ages of these L dwarfs may be a link between blue L dwarfs and low

metallicity subdwarfs, which exhibit many of the same spectral features (e.g., weakened

alkali absorption Burgasser et al. 2003b; Burgasser 2004; Burgasser et al. 2009; Cushing

et al. 2009).

1.2 Magnetic Activity in M and L Dwarfs

Stars and brown dwarfs can host strong magnetic fields, which often result in star spots

(located in the photosphere) and non-thermal emission in the chromospheres and coronae

of these objects. Chapters 5 and 6 of this thesis focus on observations of chromospheric

emission through atomic emission lines. Here, I review some key observational and theoret-

ical results which led to our current understanding of M and L dwarf activity, in addition

to specific results relating to quiescent and flaring emission lines originating in the chromo-

sphere.

1.2.1 Background: Magnetic Fields

Early Observations of Magnetic Activity

The first stellar magnetic field was detected on the Sun, using observations of the Zeeman

effect (Zeeman 1897) in sunspot spectra taken in the early twentieth century (Hale 1908).

These spots were often spatially associated with regions showing the Hα line in emission

(Hale 1909) which occasionally were involved in solar events (coronal mass ejections) which

caused “magnetic storms” (or aurorae) on the Earth (Lodge 1909). The connections between

solar activity and possible activity on other stars were not made until decades later (Kron

1950).

The connection between activity on the Sun and M dwarfs became apparent with addi-

tional observational results. Several observers reported flares, typically observed as dramatic

increases in stellar brightness, on M dwarf stars (e.g., Luyten 1949; Gordon & Kron 1949;
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Lippincott 1952; Shapley 1954). In 1954, a catalog of emission line stars included 67 M

dwarfs showing Hα emission (Bidelman 1954). While these observations were noted as be-

ing similar to solar phenomena, there were no direct observations of the stellar magnetic

fields which were the suspected cause of the stellar activity.

Magnetic Dynamos

Stellar magnetic fields are generated and sustained due to turbulent motions in their interiors

(referred to as a “dynamo”). In solar-type stars, this is thought to be the classical αΩ

dynamo, which relies on differential rotation between the inner radiative zone and the outer

convective zone (Parker 1955). For fully convective stars (<0.03M�; Chabrier & Baraffe

1997), the dynamo shifts to an α2 dynamo, which relies mainly on the turbulent convective

motions of the plasma (Küker & Rüdiger 1999; Chabrier & Küker 2006).

The strength of field generated by the solar-type dynamo shows a strong dependence

on the rotational velocity of the star, which gives rise to a relationship between age and

activity, first noted by Skumanich (1972). The interaction of the magnetic field with the

outer atmosphere of the star generates a magnetic wind, which dissipates angular momentum

(Mestel 1968). The rotation slows as the star ages, which results in a weaker magnetic field.

The relationship between age, rotation, and activity seems to hold over the boundary

between solar-type and fully convective stars (Mohanty & Basri 2003; Reiners & Basri

2007; Reiners et al. 2012), which is consistent with dynamo models of fully convective stars

(Browning 2008). The rotational rate of M dwarfs seems to increase with spectral type,

indicating an increasingly inefficient rotational breaking mechanism in late-M and L dwarfs

(Kiraga & Stepien 2007; Reiners & Basri 2008; McLean et al. 2012) which may be the

primary reason for the lack of a clear activity/rotation relation for ultracool dwarfs (West

& Basri 2009; Reiners & Basri 2010).

Observations of Cool Dwarf Magnetic Fields

Observations of magnetic fields on stars other than the Sun were not possible for many

decades; a resolution of R>100,000 is needed to directly detect Zeeman splitting. In 1980,
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Robinson suggested a method of comparing the widths of magnetically sensitive lines with

the widths of magnetically insensitive lines to detect magnetic fields. These methods were

adapted and successfully applied to a few of the most active M dwarfs (Saar & Linsky 1985;

Saar 1988), detecting strong (3-4 kG) magnetic fields.

These efforts were continued by Johns-Krull & Valenti (1996) and Valenti & Johns-Krull

(2001), who detected fields of 2-4kG for active M0-M5 dwarfs by measuring the Zeeman

wings in high resolution (R∼120,000) spectra. More recently, this method was adapted to

magnetically sensitive iron hydride bands to measure magnetic fields across the M spectral

class. A mix of active and inactive dwarfs showed field strengths of 0-4kG, with active

dwarfs (those showing Hα emission) typically grouped amongst those with strong magnetic

fields (Reiners & Basri 2007).

In addition to detecting large scale magnetic fields, recent work using Zeeman Doppler

Imaging has shed light on the topologies of magnetic fields of M dwarfs (Donati et al. 2006,

2008; Morin et al. 2008, 2010). The technique tracks the change in polarization of Zeeman

broadened lines as magnetically active regions (where these lines are generated) rotate past

the observer. These magnetic maps of M dwarfs show that their fields are typically less

homogeneous than those of solar-type stars, providing important constraints for dynamo

models (e.g. Browning 2008).

1.2.2 Chromospheres on Quiescent and Flaring M dwarfs

While it is not yet possible to resolve surface features on M dwarfs, if their magnetic activ-

ity is analogous to solar activity, small scale surface magnetic fields interact with ionized

material high in the photosphere, causing small active regions. While the M dwarf is in qui-

escence, an quasi-equilibrium is reached between magnetic heating of the chromosphere and

cooling of the chromosphere though atomic emission. Occasionally, magnetic fields experi-

ence dramatic reconnection events which result in strong flares, characterized by emission

over a wide range of wavelengths.
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Quiescent M dwarf Activity

The prevalence of Hα emission on M dwarfs has been known since early spectroscopic

observations of M dwarfs (Bidelman 1954; Petit 1961) and has since been an active topic

of investigation. For mean activity trends, I will focus on results from the Palomar/MSU

Nearby Star Spectroscopic Survey (Gizis et al. 2002; Hawley et al. 1996; Reid et al. 1995)

and, more recently, from M dwarfs in SDSS (West et al. 2004, 2008, 2011) due to their

larger sample sizes than other contemporary surveys.

The mean strength of activity, often characterized by log(LHα/Lbol), is relatively con-

stant for active M0-M4 dwarfs, then declines with later spectral type through M9. The

fraction of M dwarfs which show Hα emission increases with spectral type, consistently

from M0 to M9 dwarfs (Gizis et al. 2002; West et al. 2011). Activity strength does not show

a strong relationship with Galactic height, which may be expected if M dwarfs followed

the Skumanich law. However, active M dwarfs have narrower velocity dispersions (younger

kinematics) than inactive M dwarfs (Gizis et al. 2002) and the fraction of active M dwarfs

declines with galactic height, supporting a relationship between activity, age, and rotation

that does not exactly mimic the solar-type relationship (West et al. 2006, 2008).

While Hα is sufficient to detect the presence of activity in M dwarf chromospheres, the

combination of Hα emission with additional emission lines is necessary to constrain the

shape of the chromosphere. Ca II traces a lower temperature, higher density portion of the

chromosphere than Hα, and in weakly active dwarfs it is often in emission when Hα is in

absorption (Robinson et al. 1990; Walkowicz & Hawley 2009). Together, the strengths of

Hα and Ca II can be used to place strong constraints on chromospheric temperatures, (e.g.,

Cram & Giampapa 1987; Houdebine & Stempels 1997). Typically, a one-dimensional model

is used to generate the relative strengths of these two emission lines, which are compared to

the data. For M6 and later dwarfs, it is difficult to observe the relatively blue Ca II lines,

and chromosphere models have not been attempted.
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M dwarf Flares

A complete understanding of M dwarf flares contains many different components. The

first is an understanding of the magnetic field generation in the M dwarf interior and the

topology of that magnetic field at the surface, which is discussed above. We infer, based on

observations of the Sun, that flare events are caused by electrons accelerated in a magnetic

reconnection event. That event must depend on the complex magnetic structures on the

stellar surface (e.g., Lin & Hudson 1976). The interaction of these electrons with the M

dwarf photosphere is difficult to model and not particularly well understood (e.g., Allred

et al. 2006), but the resulting temperature structure can be modeled based on the radio,

optical, UV, and X-ray radiation observed during flares.

The chromospheric heating, which is the particular focus of this thesis, can be traced

through the relative strengths of atomic emission lines during the flare. Similar to simu-

lations used for quiescent chromospheres, the common method (first attempted by Cram

& Woods 1982) is to use a one-dimensional atmosphere to simulate the expected emission

lines, and select the best match based on line flux. Most attempts at modeling the flaring

chromosphere have been limited to a single time step, often at or near the peak flux of the

flare emission. To simplify a very complicated chromosphere, the heated chromosphere is

most often modeled as a linear rise in temperature as a function of the logarithm of column

mass (Hawley & Fisher 1992; Christian et al. 2003; Fuhrmeister et al. 2010).

One of the last components of understanding M dwarf flares is determination of a flare

frequency distribution (which describes the number of flares per energy) as a function of

spectral type and activity rate. Early work by Lacy et al. (1976) measured the flare fre-

quency distribution for the most active M dwarfs, and subsequent work continued to focus

on the most active M dwarfs (e.g., Mavridis & Avgoloupis 1987; Ishida et al. 1991). Only

in recent years have flare frequency distributions been investigated as a function of quies-

cent activity level and spectral type (Hilton 2011; Kowalski et al. 2009), confirming that

active, early M dwarfs flare more frequently than inactive dwarfs, and active mid- to late-M

dwarfs. A full understanding of the distribution of flares on all M dwarfs could be used as

an additional constraint for dynamo models on a range of M dwarfs.
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1.2.3 Magnetically Active L dwarfs

But how does magnetic activity change with the transition from ionized to dusty atmo-

spheres? The magnetic fields generated by M dwarfs show no decline with spectral type

(Reiners & Basri 2007), so it is reasonable to assume that L dwarfs (at least the early ones)

have similarly strong magnetic fields. Indeed, strong and persistent radio emission detected

from a handful of nearby L dwarfs indicate the presence of 1-4 kG fields (Hallinan et al.

2008; Berger et al. 2009). But in an increasingly neutral atmosphere, magnetic resistivity

should prevent strong coupling between the magnetic fields and material at the surface,

which should prevent heating of a chromosphere (Mohanty et al. 2002).

Yet Hα emission has been detected in ∼50 early- to mid- L dwarfs (Gizis et al. 2000;

Kirkpatrick et al. 2000; Hall 2002; Mohanty & Basri 2003; Liebert et al. 2003; Schmidt et al.

2007; Reiners & Basri 2008), indicating chromospheres are present in at least some of these

ultracool dwarfs2. X-ray emission has also been detected in the Kelu-1 system, indicating

that L dwarfs can heat a corona (Audard et al. 2007). The answer to this may lie in the dust

clouds that are persistent in many L dwarfs. Temporary separation of electrons from dust

grains may lead to an electron avalanche that could allow the magnetic field to temporary

couple with the atmosphere (Helling et al. 2011a,b). While these electron avalanches may

not be common, they could explain the persistence of chromospheres at cooler Teff then

had been thought possible.

While blue and UV photometric observations are ideal for flares on M dwarfs, the same

observations are very difficult for L dwarfs because they are much fainter at blue/UV wave-

lengths. A few serendipitous spectroscopic observations of L dwarf flares show strong,

variable Hα emission persisting on ∼hour timescales (Liebert et al. 2003; Schmidt et al.

2007). It is not known if these flares have the same multi-wavelength signatures as M dwarf

flares; a variety of additional observations are needed to truly characterize L dwarf flares.

2The fraction of L dwarfs showing Hα emission is somewhat undetermined. Each non-detection produces
an upper limit for that L dwarf. Some upper limits are higher than the mean activity strength for that
spectral type and others are very low. In the absence of uniform spectra, it is reasonable to assume that
some of these non-detections are indicative of a true absence of Hα emission while others are simply the
result of noisy spectra.
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1.3 Kinematics

Kinematics have recently become essential to the study of cool and ultracool dwarfs, through

separating out members of moving groups and young associations (e.g., Seifahrt et al. 2005),

picking out likely members of the halo to select possible low metallicity objects (e.g., Lépine

et al. 2007), and assessing the mean age of the disk population (e.g. Faherty et al. 2009).

1.3.1 Background

When considering the kinematics of stars, the most important process is the diffusion of

stellar orbits, first described by Wielen (1977). Previously, stars had been considered as

orbiting a smooth Galactic potential, but it had become increasingly apparent that local

interactions with a non-smooth potential were having a significant effect on stellar orbits.

Wielen (1977) used solar-type stars with known ages(according to the Skumanich law) to

derive a basic relation between velocity dispersion and age, inferring that molecular clouds

(originally suggested as a kinematic perturber by Spitzer & Schwarzschild 1951) as the main

mechanism for the scattering of stellar orbits.

This diffusion process was mainly intended to describe the orbits of stars in the galactic

disk. A group of low metallicity, fast moving nearby stars had already been identified as

a portion of the galactic halo (e.g. Eggen et al. 1962; Weistrop 1975). As kinematics in

the solar neighborhood were more thoroughly investigated, it became apparent that there

was a hotter kinematic component (Reid et al. 2002, e.g.,) identifiable with local members

the observed “thick disk” of stars (Gilmore & Reid 1983). These three components can be

generally distinguished by different sets of velocity means and dispersions (Leggett 1992,

e.g.,).

As the study of kinematics progresses, both in models and observations, new mechanisms

for stellar diffusion are begin suggested (e.g., migration between different Galactic radii

Sellwood & Binney 2002; Loebman et al. 2011) and kinematics have become a sensitive

probe of the ages of stars in the solar neighborhood (Aumer & Binney 2009).
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1.3.2 M Dwarf Kinematics

While there were early measurements of the radial velocities and proper motions of M

dwarfs, Gliese (1958) was the first to examine the kinematics of M dwarfs as a group,

examining the sample for differences between active and inactive M dwarfs, finding that the

active dwarfs had narrower velocity dispersions than the inactive dwarfs. Further studies

of M dwarf kinematics revealed a “low velocity problem,” or a detected excess of M dwarfs

with small space motions compared to the Sun (Pesch 1972; Staller 1975). This excess of

young M dwarfs was thought to be the first evidence of brown dwarfs, but it has since been

refuted using larger, unbiased samples (Dawson 1981).

Over the next decade, the numbers of M dwarfs detectable with the current technology

grew, enabling studies of different kinematic populations of M dwarfs (Upgren 1978) and

continuing work on the activity and kinematics correlations that had previously been ob-

served (Johnson 1983; Stauffer & Hartmann 1986). Before the turn of the century, large

samples of M dwarfs began to be useful for understanding the structure of the galaxy; M

dwarfs were used to derive the mean solar motion and constants of galactic motion (Cud-

deford & Binney 1994; Ratnatunga & Upgren 1997).

In PMSUI, Reid et al. (1995) examined the kinematics of volume-complete sample of

514 stellar systems in the northern hemisphere selected from the Gliese & Jahreiß (1991)

catalog. They again confirmed that active M dwarfs show younger kinematics than inactive

dwarfs, and found evidence of a high velocity component, perhaps representative of a thick

disk. PMSUII (Hawley et al. 1996) continues the kinematic analysis of active and inactive

stars, first noting that active early-M dwarfs show younger kinematics than active late-M

dwarfs. In the last installment of the PMSU series, Reid et al. (2002) uses the kinematics

of M dwarfs to detect a hotter, older kinematic component mixed with the thin disk stars.

The study of M dwarf kinematics was then continued using the large samples of M dwarf

detected in SDSS data. While SDSS does not assemble volume complete M dwarf samples,

it is a source of tens of thousands of M dwarf spectra, selected without an obvious proper

motion or magnitude bias. Bochanski et al. (2007a) used ∼7000 M dwarfs from a single line

of sight to examine the kinematic structure of the thin and thick disk, providing a test for
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galactic kinematic models. SDSS continues to be an excellent source of M dwarf kinematics,

and future work should provide additional constraints on Galactic kinematics (e.g., Pineda

2012, in prep.).

1.3.3 L Dwarf Kinematics

Kinematics are especially valuable for L dwarfs as a tool to break the degeneracy between

mass and luminosity, enabling the separation of stellar and substellar L dwarfs, so the

velocities of L dwarfs have been well studied in the decade since the definition of the spectral

class. As a population, L dwarfs could show a rough trend towards younger kinematics due

to the inclusion of young brown dwarfs in the mostly stellar spectral class. This trend has

been the target of many proper motion and radial velocity surveys of L dwarfs.

The first dynamical study of a handful of L dwarfs showed that they had a slightly

larger tangential velocity dispersion than a similar sample of late-M dwarfs, indicating an

older age (Gizis et al. 2000). As proper motions were measured for a larger sample of L

dwarfs, it became clear that their distribution of tangential velocities generally agreed with

those of the nearby galactic disk (Dahn et al. 2002; Vrba et al. 2004; Kendall et al. 2004), a

result confirmed using the tangential velocities of a volume limited 20pc sample of L dwarfs

(Schmidt et al. 2007; Faherty et al. 2009).

While tangential velocities can provide estimates of the kinematic properties of a sample,

they include only two thirds of the information contained in full UVW velocities. Radial

velocities are necessary to fully probe the dynamical properties of L dwarfs. The first UVW

motions of a six of L dwarfs showed they had velocities consistent with young ages (Zapatero

Osorio et al. 2007), but samples consisting of tens of L dwarfs showed faster, older kinematics

(Blake et al. 2010; Seifahrt et al. 2010). Chapter 2 describes the conclusions drawn from

the largest sample of L dwarfs with complete space motions; L dwarfs are dynamically

indistinguishable from the stellar disk.

While the kinematics of the entire L dwarf population show they are similar to stars, the

velocities of small numbers or single objects can distinguish younger and older L dwarfs. Ve-

locities have been an essential ingredient in confirming substellar members of young moving
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groups (Seifahrt et al. 2005; Bihain et al. 2006; Bannister & Jameson 2007) in conjunction

with other youth-associated features. Dynamical arguments have also been useful for dis-

tinguishing a class of ultracool subdwarfs from normal metallicity dwarfs (Burgasser et al.

2003b; Burgasser 2004; Reiners & Basri 2006; Burgasser et al. 2009; Sivarani et al. 2009).

1.4 Resources from the Astrophysical Research Consortium

Another unifying theme of this dissertation is the use of the Astrophysical Research Con-

sortium (ARC) telescopes located at Apache Point Observatory (APO). The instruments,

observing time, and survey data that are made available through the University of Wash-

ington membership in ARC have have allowed the in-depth investigation of kinematics and

activity of cool and ultracool dwarfs described in this dissertation.

1.4.1 TripleSpec on the ARC 3.5-m

TripleSpec is an infrared spectrograph that covers the wavelength range from 0.95µm to

2.45µm with a resolution R∼3500. It received first light at APO on March 19, 2008,

and the first test data related to this dissertation were taken on March 22, with regular

observations commencing later in the year. TripleSpec has an advantage over many infrared

spectrographs due to its combination of medium (rather than low) resolution and wavelength

coverage over the entirety of the J , H, and K bands, achieved through cross-dispersion of

the light into 5 different orders (Wilson et al. 2004). Due to the brightness of cool and

ultracool dwarfs at near-infrared wavelengths, this instrument was used for observations of

L dwarf radial velocities (Chapter 3) and an investigation of near infrared variability during

flares (Chapter 6).

Triplespec data, however, present reduction challenges that become more problematic

for faint targets. The individual spectral orders are both curved (meaning variations in the

spatial direction) and tilted (indicating variations in wavelength across the order). The sub-

traction of telluric OH emission lines depend on these orders being fit precisely. Calibration

of TripleSpec data are the focus of Chapter 3.
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1.4.2 ARCSAT 0.5-m and NMSU 1-m

These small telescopes were both essential to simultaneous photometric and spectroscopic

observations of flare stars that are discussed in Chapter 6. The Astrophysical Research Con-

sortium Small Aperture Telescope (ARCSAT) 0.5-m was, until recently, the photometric

calibrator telescope for the SDSS-I and -II (Tucker et al. 2006). As SDSS operations tran-

sitioned to the entirely spectroscopic components of SDSS-III, the ARCSAT 0.5-m became

an excellent resource for simultaneous photometry with ARC 3.5-m observations.

This capacity was improved upon by the addition of Flare-cam as an instrument for the

ARCSAT 0.5-m. As part of an NSF grant to determine flare rates in the Galaxy, E. Hilton

and S. Hawley purchased a camera with excellent blue response and short read-out time,

ideal for observing flares (Hilton 2011). Flare-cam was adapted for remote operation and is

often used on ARCSAT in conjunction with the ARC 3.5-m.

The New Mexico State University (NMSU) 1-m telescope was adapted for robotic ob-

serving by J. Holtzman in 2005, and NMSU makes some telescope time available to the

ARC community. While the camera is not as well suited to flare observing (longer readout

and lower blue response), the size of the telescope and its ease of operation make it an ideal

supplemental telescope for photometric monitoring.

1.4.3 Sloan Digital Sky Survey

The Sloan Digital Sky Survey (York et al. 2000) yielded a large area, deep photometric and

spectroscopic survey of the northern galactic cap. The survey was designed with the main

goal of examining the large scale structure of the universe through the identification and

spectroscopic follow-up of a large number of distant galaxies and quasars. SDSS-I and -II,

which were in operation from 2000 to 2008, include a photometric component in addition to

a spectroscopic component. The photometric data were obtained by scanning large strips

of the sky nearly simultaneously in ugriz filters. The completed photometric data cover

14,555 deg2 (over a third of the celestial sphere) and contain nearly 500 million unique

point sources (as of the eighth data release; Aihara et al. 2011). Photometric searches for

ultracool dwarfs based on SDSS colors have yielded hundreds of late-M and L dwarfs (Fan
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et al. 2000; Hawley et al. 2002; Chiu et al. 2006; Metchev et al. 2008; Sheppard & Cushing

2009; Zhang et al. 2009; Bowler et al. 2010).

The photometry was essential in selecting targets for spectroscopy using the multi-object

SDSS spectrograph, covering the range 3800-9200Å at a resolution of R∼2000 (Abazajian

et al. 2003). Each spectroscopic observation consisted of 600 fibers, positioned using survey

plates drilled for unique positions on the sky. The total survey conducted by SDSS-I and

-II included over 1.6 million spectra within 9380 deg2 (included in the seventh data release

Abazajian et al. 2009). Serendipitously, M dwarfs within 1 kpc have similar colors and

magnitudes to distant red galaxies, and L dwarfs often have similar colors to distant quasars,

so spectra of ∼ 70,000 of these cool and ultracool dwarfs were obtained as part of SDSS

observations through DR7 (Chapter 2; West et al. 2011).

Spectroscopic observations are continuing as part of SDSS-III in the form of the Baryon

Oscillation Sky Survey (BOSS; Ross et al. 2011). An improved spectrograph provides

slightly larger wavelength coverage (3600Å to 10000Å), better CCD response, and an in-

crease to 1000 fibers per observation (Eisenstein et al. 2011). The main survey goal for

BOSS is a more precise measure of large scale structure to detect traces of baryon acoustic

oscillation in the early universe, but the survey also devotes ∼ 10% of its fibers to ancillary

programs. I am the PI of an accepted ancillary program to obtain spectra of late-M and L

dwarf candidates selected on a combination of SDSS and 2MASS colors.

Spectra from SDSS and BOSS (which are used in Chapters 2, 4, and 5) are ideal for

selection and analysis of M and L dwarfs. The automatic targeting system and large numbers

of spectra obtained allow a broader selection criteria than would be feasible for a single

observer. Additionally, the data are processed in a consistent manner and include a precise

telluric correction and wavelength calibration. These spectra are essential for classifying

ultracool dwarfs and examining their kinematics and activity.

1.5 Description of the Thesis

The ages and magnetic activity of cool and ultracool dwarfs are two of the most interesting

mysteries in the Solar neighborhood. Using kinematics to determine the ages of ultracool

dwarfs will allow us to distinguish stars from brown dwarfs and understand other observable
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differences between the two populations, while understanding the chromospheric structure

of the quiescent and flaring dwarfs will paint a more complete picture of magnetic activity

on these dwarfs.

Chapter 2 is chronologically the earliest work from the thesis. I examined a sample

of ∼500 L dwarfs selected from SDSS DR7 photometry and spectroscopy. This chapter

is notable in part because it marks the discovery of 200 new L dwarfs that increased the

sample of known L dwarfs by 30%. Using the colors of the L dwarf sample, I uncovered

a bias in the J − KS colors of the previously known sample of L dwarfs, often selected

based on those colors in 2MASS. Using kinematics I also determined that J −KS color is

correlated to L dwarf age, meaning that previously known L dwarf were subjected to an age

bias as well.

Upon the completion of the SDSS L dwarf chapter, I identified two primary avenues

of investigation that would use kinematics to investigate the ages of L dwarfs. The SDSS

sample was heavily biased towards early-L dwarfs; they are more common than late-L dwarfs

in magnitude-limited survey data due to their intrinsically brighter luminosities. As part of

the Brown Dwarf Kinematics Project (BDKP; led by J. Faherty; Faherty et al. 2009, 2010,

2012), I began work to obtain radial velocities for a volume-limited sample of L dwarfs with

TripleSpec on the ARC 3.5-m that was intended to supplement the existing proper motion

survey (Faherty et al. 2009) and additional radial velocity surveys for M and T dwarfs in

progress by the BDKP collaboration.

In Chapter 3 I describe the results of the four year BDKP observing campaign on Triple-

Spec. Soon after I began taking data, I realized that the TripleSpec reduction software

(based on the Spextool code) did not produce results of sufficient quality for the mea-

surement of radial velocities. Over the next three years, I tried many different reduction

methods, the best of which is still not sufficient for the measurement of radial velocities.

While the future may hold a new reduction method or additional observations to complete

the project, it is not within the scope of this dissertation.

The other avenue for investigation was the assembly of a large sample of late-M and L

dwarfs with kinematics using a combination of SDSS DR7 and BOSS data, supplemented

by 2MASS and WISE. Chapter 4 contains the colors and kinematics of the large sample
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of ultracool dwarfs from SDSS. The colors of these ultracool dwarfs span the gap between

current work on WISE colors for earlier main sequence stars (Davenport 2012, in prep.)

and the coolest brown dwarfs (Kirkpatrick et al. 2011).

The spectroscopic sample assembled from BOSS and DR7 has also proven useful to

investigate activity in late-M and early-L dwarfs, which is presented in Chapter 5. Using

a larger sample of high S/N spectra, I show that the fraction of active L dwarfs continues

to rise as long as we can observe Hα emission against the declining continuum flux. I use

the RH spectral synthesis code to investigate the area coverage and temperature structures

needed to produce Hα emission on late-M and L dwarfs.

The difficulty of examining L dwarf activity at the relatively blue (for L dwarfs) wave-

lengths of the Hα emission lines was one of the inspirations for Chapter 6, which presents

the first reported detection of infrared emission lines during an M dwarf flare. A strong

emission line in the infrared would be easily detectable on late-M and L dwarfs due to their

brightness at those wavelengths. However, my models show that a very hot chromosphere

(T∼30,000K) is required to produce the observed infrared emission, so it is not likely to be a

useful wavelength range for quiescent activity studies of L dwarfs. The lack of any observed

Paschen emission in the spectra examined in Chapter 3 indicates that those emission lines

are either not present or very uncommon in L dwarf spectra.

Chapter 7 contains a summary of each chapter, conclusions based on the results of several

chapters, and some questions either raised or left unanswered by the work presented in this

dissertation.
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Chapter 2

COLORS AND KINEMATICS OF L DWARFS FROM THE SLOAN
DIGITAL SKY SURVEY

Kinematic indicators of age are typically based on the motions of large populations,

but prior to the publication of this Chapter in 2010, there were very small numbers of L

dwarfs with radial velocities (∼30). Using these small numbers of velocities, previous results

had shown that the L dwarf population was younger than the stellar disk and thus likely

composed mostly of brown dwarfs (Zapatero Osorio et al. 2007). But the entire population

of L dwarfs as biased towards objects with redder 2MASS J −KS colors and these red L

dwarfs had shown evidence of youth (Faherty et al. 2009; Cruz et al. 2009).

In order to examine ages for disk L dwarfs without a bias towards younger objects, we

needed a large sample of dwarfs with complete space motions selected without reference to

J − KS colors. The selection of this sample (in the SDSS photometric and spectroscopic

databases) and its analysis is presented in this chapter.

This chapter was originally published in collaboration with Andrew A. West, Suzanne

L. Hawley, and J. Sebastian Pineda in the May 2010 edition of the Astronomical Journal

(Schmidt et al. 2010b, AJ, Vol. 139, pp. 1808-1821; c© 2010 by the American Astronomical

Society) and is reproduced below with permission of the American Astronomical Society.

2.1 Introduction

The Sloan Digital Sky Survey (York et al. 2000, SDSS) is a valuable tool for discovering

nearby L dwarfs. Initial work typically employed optical and near-infrared selection criteria

combined with follow-up spectroscopy of candidate objects on other telescopes (Fan et al.

2000; Schneider et al. 2002; Geballe et al. 2002). Hawley et al. (2002, hereafter H02) was

the first study that included SDSS spectroscopy for a large sample. West et al. (2004,

2008) included L dwarfs in their investigations of magnetic activity, but West et al. (2004)

used a strict quality cut on the spectra and West et al. (2008) restricted their analysis to
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L0 and earlier dwarfs. Other work relied on the SDSS photometric database for target

selection, but used infrared spectroscopy from other facilities to confirm candidate dwarfs

(Knapp et al. 2004; Chiu et al. 2006). Recently, the search for additional SDSS dwarfs

has focused on cross-matches of SDSS and 2MASS for candidate selection, either taking

advantage of additional colors or using proper motion as a selection tool (Metchev et al.

2008; Scholz et al. 2009; Sheppard & Cushing 2009; Zhang et al. 2009). Since H02, there has

been no comprehensive search of the SDSS spectroscopic database to select and confirm L

dwarfs. During that time, the SDSS spectroscopic database has grown by roughly an order

of magnitude, from ∼180,000 sources (DR1; Abazajian et al. 2003) to ∼1.6 million sources

(DR7; Abazajian et al. 2009).

The reliance of many of the past searches on color and proper motion selection criteria

may have introduced significant biases into the sample of presently known L dwarfs. The

recent discovery of a new L dwarf within 10 pc (SDSS 1416+13; Schmidt et al. 2010b;

Bowler et al. 2010) points to a need to use a different set of criteria in order to investigate

a representative sample of L dwarfs that spans the entire range of colors and kinematic

properties. Selecting objects based on their SDSS spectra allows us to relax the color

criteria in order to mitigate the possible biases in the L dwarf sample.

The use of SDSS spectra also allows us to measure radial velocities for a large number

of L dwarfs. Previous work has found that the L dwarf population is kinematically younger

than most thin disk stars but was limited either by small numbers (Zapatero Osorio et al.

2007) or by a lack of radial velocities, restricting kinematic analysis to two dimensions

(Schmidt et al. 2007; Faherty et al. 2009). A larger sample with both proper motions and

radial velocities is needed to confirm these results and to allow an investigation into the

ages of L dwarfs.

While many of the L dwarfs in the SDSS spectroscopic database have relatively low

signal to noise ratios (SNR), most have sufficient flux to assign a spectral type and de-

termine the radial velocity. We combine these data with photometric and proper motion

information from SDSS and 2MASS to investigate the colors and kinematics of SDSS L

dwarfs. In Section 2.2, we introduce our spectroscopic sample, including a brief discussion

of Hα emission, and describe our photometric sample which includes both new and known
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L and T dwarfs. We present colors and derive photometric distance relations in Section 2.3.

Section 2.4 describes our kinematic measurements and the resulting velocity distributions.

2.2 Sample

2.2.1 Spectroscopic Sample

The SDSS (York et al. 2000; Stoughton et al. 2002; Pier et al. 2003; Ivezić et al. 2004) is

a multicolor (ugriz Fukugita et al. 1996; Gunn et al. 1998; Hogg et al. 2001; Smith et al.

2002; Tucker et al. 2006) photometric and spectroscopic survey centered on the northern

Galactic cap. The most recent data release (Abazajian et al. 2009, DR7) comprises 11000

deg2 of imaging, yielding photometry of ∼357 million unique objects. SDSS also has twin

fiber-fed spectrographs which simultaneously obtain 640 medium-resolution (R∼1800), flux-

calibrated, optical (3800-9200Å) spectra per 3◦ plate (Abazajian et al. 2004). While the

SDSS primarily targets extragalactic objects, of the ∼1.6 million spectra in DR7, ∼84,000

are from M or later type stars (Abazajian et al. 2009).

Our initial sample of 13,874 spectra was selected from the SDSS photometric and spec-

troscopic databases by requiring i−z > 1.4. This large number of spectra and loose selection

criteria were used to produce the most complete sample possible. While previous work has

shown that L0 dwarfs have a median color of i − z = 1.84 (West et al. 2008), we used a

bluer color to ensure that any spread of L0 colors was included while mid-M dwarfs were

excluded. We did not restrict the r− i color because the r-band photometry of these dwarfs

is faint and often unreliable. We then used the Hammer spectral typing facility (Covey

et al. 2007) to analyze each spectrum and assign a spectral type. The Hammer first cal-

culates an initial spectral type based on several molecular and atomic indices, then allows

direct comparison of the spectrum to standard templates. We reviewed each spectrum by

eye to confirm spectral types and to exclude objects with insufficient SNR for classification,

allowing us to construct the most complete sample possible from the SDSS spectroscopic

database.

Of the initial 13,874 objects, we were unable to classify ∼9000 objects due to low SNR,

∼4000 were late-M dwarfs, and 484 were L dwarfs. Our selection criteria did not yield any
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T dwarfs. This sample of 484 L dwarfs represents an order of magnitude increase from

H02, which uncovered 42 L dwarfs from SDSS DR1 spectra. We refer to the 484 L dwarfs

selected from SDSS spectra as the spectroscopic sample. Their spectral types (typically

good to ±1 subtype) are given in Table 2.1 and their spectral type distribution is shown

in the top panel of Figure 2.1. The spectroscopic sample is heavily skewed towards early-L

dwarfs (compared to the L dwarf luminosity function; Cruz et al. 2007) because they are

both more numerous and intrinsically brighter than later-L dwarfs. Of the 484 L dwarfs in

our spectroscopic sample, 210 are newly discovered, which represents a ∼25% increase in

the number of known L dwarfs. Of the previously known dwarfs, agreement with previous

spectral types is generally good (within 0-2 types) but ∼60 objects that we visually classified

as L0 dwarfs were classified by West et al. (2008) as M9 dwarfs. Our visual inspection is

more certain than the automated algorithm used in West et al. (2008), but was not practical

given the size of the West et al. (2008) sample. This discrepancy is within the published

uncertainties of the Hammer automatic algorithm (±1 spectral type; Covey et al. 2007)

There are five known L dwarfs with SDSS spectra and that were included in our initial

13,874 objects but were not identified as L dwarfs during spectral typing. Three of them

were typed as M9 dwarfs instead of L0 dwarfs so they were excluded from this analysis

by our spectral type cut. Another two had SDSS spectra with very low SNR and we were

not able to assign a spectral type. These low SNR objects are included in the photometric

sample (see Section 2.2.3), but not the spectroscopic sample.

2.2.2 Activity

The presence and strength of Hα emission is used as an indicator of chromospheric activity

in low mass stars and brown dwarfs (e.g., Gizis et al. 2000; West et al. 2004; Schmidt

et al. 2007). The low SNR of our spectra in the region surrounding Hα prevented us

from a detailed study of activity in the SDSS L dwarf sample. Out of 484 L dwarfs in

the spectroscopic sample, only 32 have SNR > 3 in the Hα region. In Table 2.2, we list

measured Hα equivalent widths (EW) and activity classifications for those dwarfs.

Hα EW were measured using trapezoidal integration to calculate the flux in both the
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Figure 2.1 Top: number of objects per spectral type for the spectroscopic sample. The
entire sample (grey solid line) and the new dwarfs (black dashed line) are shown. Bottom:
number of objects per spectral type bin for the photometric sample. The dwarfs with
2MASS photometry (grey solid line), SDSS photometry (black dashed line), and with both
SDSS and 2MASS photometry (black dotted line) are shown.
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line and continuum regions. Following West et al. (2004), stars that we classified as active

must have a measured Hα EW greater than 1Å and meet three quality control criteria:

(1) a measured EW greater than its uncertainty; (2) an Hα EW greater than the EW of

the comparison regions; and (3) a measured height of the line three times larger than the

noise at line center. Objects with Hα EW greater than 1Å but only meeting some of the

quality control criteria were classified as maybe active. Of the 32 L dwarfs, 23 were classified

as active, 6 as maybe active, and 3 as inactive. This fraction of active objects (∼70%) is

consistent with results for early-L dwarfs (West et al. 2004; Schmidt et al. 2007) and reflects

a decline from the nearly 100% active fraction observed in nearby late-M dwarfs (West et al.

2008).

None of our L dwarfs have notably large Hα EW, but we report Hα detections for some

objects previously observed to have emission (noted in Table 2.2). 2MASS J0746425+200032

has been observed in a multi-wavelength campaign by Berger et al. (2009) to have period-

ically variable Hα emission with strength of 2.4-3.3Å. Our measurement of 2.4±0.2Å is

consistent with the previous detections. LHS 2924, a well known active M9 dwarf (e. g.,

Fleming et al. 1993; Reiners et al. 2007), was classified as an L0 dwarf during the spec-

tral typing of our sample, which is within our ±1 subtype uncertainty. The Hα EW of

4.5±0.3Å measured from its SDSS spectrum is consistent with previous quiescent values.

2.2.3 Photometric Sample

SDSS iz and 2MASS JHKS photometry for the spectroscopic sample is given in Ta-

ble 2.1. Every object in the sample had SDSS photometry, but we excluded photom-

etry for nine objects with SATURATED, BAD COUNTS ERROR, INTERP CENTER,

PSF FLUX INTERP, or NO DEBLEND flags set in the i or z band (Stoughton et al. 2002).

Photometry from 2MASS was obtained via a cross-match to the 2MASS point source cat-

alog with a search radius of 5′′; no objects in the spectroscopic sample had more than one

match in the 2MASS database. A total of 471 L dwarfs matched 2MASS sources, but we

excluded 2MASS photometry for 35 objects with ph qual or cc flg flags set in the J , H, or

KS bands (Cutri et al. 2003).
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To perform a more complete analysis of L dwarf colors and examine color trends into the

T dwarf regime, we augmented the spectroscopic sample with known L and T dwarfs from

the Dwarf Archives1 as of October 2009 to construct the photometric sample. For these

additional objects, we used previously assigned spectral types (we preferred optical spectral

types and rounded half types to earlier whole types) and excluded subdwarfs. Using the

same flag cuts as for the spectroscopic sample, we obtained iz magnitudes from SDSS for 148

L and 51 T dwarfs. 2MASS photometry was available for 396 L and 63 T dwarfs, with totals

of 48 L and 23 T dwarfs having both SDSS and 2MASS photometry. In four cases (∼1%),

the cross-match between Dwarf Archives and 2MASS returned more than one match. For

those objects, we selected the closest source to the input position. We found no obvious

color outliers in the sample that would signal a mismatch between objects. The spectral

type distribution of photometric sample, including those in our spectroscopic sample, is

shown in the bottom panel of Figure 2.1.

2.3 Colors

2.3.1 Color-Spectral Type Relations

In order to examine the colors of the L and T dwarfs in our photometric sample, we made

additional cuts for good quality photometry (photometric uncertainties less than 0.08, 0.06,

0.12, 0.12, and 0.16 for i, z, J , H, and KS respectively) in each band. These uncertainty

limits are similar to limiting magnitudes – the majority of the photometry that is rejected

is at or past the limiting magnitudes of SDSS and 2MASS. This cut could preferentially

reject objects that are redder in i − z color, because the average SDSS magnitude limits

in the i- and z- band (21.3 and 20.5 respectively) may exclude dwarfs with redder i − z

colors. Comprehensive follow up of the redder sources is needed to confirm median colors,

especially for the later-L dwarfs.

Examining the relationship of broadband colors to spectral type is useful both to provide

insight into mean L dwarf properties and to assist future searches for L dwarfs. Table 2.3

lists median colors as a function of spectral type for a variety of SDSS and 2MASS colors.

1Available at http://dwarfarchives.org.
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For each spectral type, we give the number of objects in the photometric sample with good

photometry that contribute to each color, the median color with associated uncertainty,

and the standard deviation (σ). The uncertainties in the median were calculated using the

standard deviation divided by the the square root of the total number of stars in the sample.

While the uncertainty reflects how well we know the median color of each spectral type bin,

the standard deviation reflects the intrinsic scatter in each color. Figure 2.2 shows color as

a function of spectral type for the same SDSS and 2MASS colors. The median colors with

standard deviation are shown for types L0-L8.

As has been noted by previous studies (H02; Knapp et al. 2004; Chiu et al. 2006), the

i−z color gets redder at increasing spectral type – rising slowly from L0-L3 and then rapidly

with later spectral type through mid-T dwarfs. This is because the i-band is centered near

the K I doublet (7665, 7699Å), which broadens with decreasing temperature and suppresses

proportionally more flux in the i-band than the z-band. The i−J color also becomes redder

with later spectral type, but changes more linearly than i − z (H02; Sheppard & Cushing

2009). Both i− z and i− J are relatively good predictors of spectral type.

The z − J color becomes redder from early- to mid-L, stays constant from mid- to

late-L types, and reddens slightly from late-L to late-T. This is consistent with both the

SDSS/MKO z − J (Knapp et al. 2004; Chiu et al. 2006) colors and SDSS/2MASS z − J

colors than found in H02. Because of this behavior, z − J color is a less reliable predictor

of spectral type than i− z and i− J throughout the L spectral sequence.

Both the z−KS and J −KS color redden until mid-L types, then turn over and become

more blue into the late-T (H02; Knapp et al. 2004; Chiu et al. 2006; Faherty et al. 2009).

This behavior is likely due to the decrease in KS-band flux due to increasingly strong

absorption in water and methane bands (Marley et al. 2002; Knapp et al. 2004).

2.3.2 Red Bias in J −KS in Previous Samples

The median colors for L0 dwarfs in the spectroscopic sample are consistent with those given

by West et al. (2008), and the SDSS/2MASS colors for the rest of the dwarfs are similar to

those in previous work (H02; Knapp et al. 2004; Chiu et al. 2006), but the J −KS colors
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Figure 2.2 Color as a function of spectral type for five different colors. Individual dwarfs
are shown (small dark grey circles) for L0-T7 dwarfs, as well as median colors (large light
grey circles) and one sigma dispersions (black bars) for L0-L8 dwarfs.
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J − KS color as a function of spectral type for the SDSS dwarfs (blue), all dwarfs (grey)

and dwarfs from Dwarf Archives as of October 2009 (green). The median color per spectral

type for each sample is shown (large circles) as well as the standard deviation of the colors

in that spectral type (shaded bars) and the individual objects (small circles). The J−KS

color selection criteria of Kirkpatrick et al. (1999, dashed line) and Cruz et al. (2003, dotted

line) are shown; the latter is a combination of a color-magnitude cut and the Cruz et al.

(2003) spectral type vs. MJ relation for dwarfs at 20 pc.

calculated from the photometric sample are consistently bluer than those found in previous

work (Kirkpatrick et al. 2000; Faherty et al. 2009). Figure 2.3 shows the J −KS colors of

all L dwarfs with 2MASS photometry compared to both the L dwarfs in the spectroscopic

sample and the L dwarfs in Dwarf Archives; the data are given in Table 2.4. Early-L dwarfs

in the SDSS spectroscopic sample are clearly bluer than the Dwarf Archives objects by ∼0.1

magnitude.

While the spectroscopic sample is likely to have no bias in J − KS color, the objects

from Dwarf Archives were selected from a variety of criteria, including large numbers found
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using 2MASS color criteria. Many known L dwarfs are the result of surveys that made cuts

in J−KS to separate L dwarfs from the ubiquitous M dwarfs (Kirkpatrick et al. 1999, 2000;

Cruz et al. 2003, 2007; Reid et al. 2008). The color selection criteria from Kirkpatrick et al.

(1999) and Cruz et al. (2003) are shown in Figure 2.3. The Kirkpatrick et al. (1999) cut at

J −KS > 1.3 excludes many early-L dwarfs, and some objects at mid-L types. The Cruz

et al. (2003) cut, though slightly bluer than the median color, still excludes some of the

bluest objects at each type.

To test whether previously known L dwarfs are drawn from a different distribution than

the SDSS spectroscopic sample, we performed a Kolmogorov-Smirnov test (KS test) on

the color distribution of the two samples. In order to examine all of the L dwarfs as a

single population, we used a color difference that is independent of spectral type, defined

as δJ−KS = ((J −KS) − (J −KS)med)/σJ−KS . We used the median J −KS and σ(J−KS)

for all L dwarfs given in Table 2.3. The KS test shows that the two samples are not drawn

from the same distribution at a high confidence level (P<0.01).

This selection bias can lead to systematic problems when J −KS color criteria are used

to assemble large statistical samples of L dwarfs. There is a strong potential to miss nearby

blue objects (Section 2.3.5; Schmidt et al. 2010b; Bowler et al. 2010) and to bias all known

L dwarfs towards redder colors. With mounting evidence that age and J − KS color are

linked (Section 2.4.6; Folkes et al. 2007; Burgasser et al. 2008; Faherty et al. 2009), previous

samples are likely biased towards younger dwarfs. Past kinematic studies have noted that

the L dwarf population seems unusually young (e.g., Zapatero Osorio et al. 2007) – this

could be in part due to a color selection bias.

2.3.3 Color-color relations

Figure 2.4 shows six color-color plots for our combined photometric sample. To examine

the different color spaces for each spectral type, we distinguish between early-L, late-L, and

T dwarfs.

The first four panels show updated color-color plots similar to those from the SDSS

Early Data Release (H02). The i − z, z − J and i − J , z − J plots show the same general
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shape as in H02. The i − z and i − J colors are relatively linear with spectral type. The

z − J , i− J plot is useful for classifying L0 to L3 dwarfs, but the z − J color saturates for

mid- to late- L dwarfs. The i− z, i− J plot shows a remarkably straight line in color-color

space for i− J > 4.8 and is most useful for classifying L4 and later types. In z− J , z−KS

the early-L dwarfs are spread out, while the late-L and T dwarfs are clumped. A turnover

in z −KS color is also apparent, similar to the one seen in H02.

The last two panels show i − J and z − J as a function of J − KS . Both i − J and

z − J colors separate the early-L and T dwarfs into distinct groups despite their similar

J −KS colors, and can be used to roughly classify objects as early-L, late-L or T dwarfs.

This shows the value of including a bluer photometric band together with 2MASS colors

when analyzing L and T dwarf photometry.

2.3.4 Photometric Distance Estimates

While spectral type is a relatively reliable predictor of absolute magnitude for L dwarfs

(e.g., Vrba et al. 2004), spectrophotometric absolute magnitudes and distance estimates

suffer from the uncertainty and coarse binning of spectral types, which are often good only

to ±1 subtype. When only 2MASS colors are available, spectral type relations are better

because of the large spread in infrared colors with both absolute magnitude and spectral

type. However, the i− z and i− J colors show much smaller scatter than the spectral type

relations.

Figure 2.5 illustrates Mi as a function of i− z and i− J color based on photometry and

parallax measurements for the 13 late-M and L dwarfs listed in Table 2.5. The reduced χ2

value for each of the relations was minimized with third order polynomial fits, as follows:

(1.7 < i− z < 3.2) : Mi = −23.27 + 38.41(i− z)− 11.11(i− z)2 + 1.064(i− z)3 (2.1)

(3.9 < i− J < 5.8) : Mi = 66.88− 41.73(i− J) + 10.26(i− J)2 − 0.7645(i− J)3 (2.2)

The relations have RMS scatters of 0.41 and 0.33 magnitudes in i−z and i−J respectively.

Distances computed from the derived absolute magnitudes are given in Table 2.6. We

compare distance estimates from both of these relations to those from the Cruz et al. (2003)
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Figure 2.5 Absolute i magnitude as a function of i − z (left) and i − J (right) color, for
M8-L8 dwarfs with SDSS photometry (given in Table 2.5). Third-order polynomial fits are
shown (equations given in Section 2.3.4).

spectral type vs. MJ relation in Figure 2.6. There is a wide scatter about the one-to-one

line, analogous to the scatter between i − z or i − J and spectral type, but 95% of the

distance estimates agree within their uncertainties. Distances above 100 pc calculated from

the i − J vs. Mi relation seem to show a systematic offset from distances calculated from

the spectral type vs. MJ relation. The dwarfs with these disparate distances estimates all

have i − J colors on the bluer end of the relation (3.9 < i − J < 4.2). The i − J vs. Mi

relation is steep in that color range, and while those i− J colors are within the spread for

L0/L1 dwarfs, the relation is also based on colors from M8/M9 dwarfs. This could be the

reason for the disagreement between the distance estimates.

For the remainder of the paper, we use the i − z distance estimates due to the better

agreement with previous distances. For L dwarfs that fall outside the i−z color limits given

in Equation 1, we use the i − J relation. For dwarfs outside both color limits but with L

spectral types, we use the spectral type vs. MJ relation from Cruz et al. (2003).
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Figure 2.6 Comparison of spectrophotometric distance estimates using the Cruz et al. (2003)
ST vs. MJ relation with distance estimates from our i− z vs. Mi (left panel) and i− J vs.
Mi (right panel) relations. Uncertainties for a representative number (∼5%) of the dwarfs
(grey bars) and a one-to-one correspondence line are shown (grey dashed).

2.3.5 New L Dwarfs Within 30 pc

Previous searches for L dwarfs have focused on a census of nearby L dwarfs, probing dis-

tances of 20-30 pc from the Sun. Due to the comprehensive work done at these distances,

the majority of newly discovered L dwarfs presented in this paper are early-L dwarfs at

distances greater than 30 pc. There are, however, a few nearby dwarfs that were missed

by previous selection criteria. Table 2.7 shows data for 5 L dwarfs which are placed within

30 pc of the Sun by the mean of all three distance estimates, weighted by the distance

uncertainties.

Of the five L dwarfs, three are unusually blue for their spectral types, which is un-

surprising given the bias of previous searches towards dwarfs with redder J − KS colors

(Section 2.3.2). The nearest and bluest of these is SDSS J141624.09+134826.7 (hereafter

SDSS1416+13), an exceptionally blue L dwarf within 10 pc of the Sun. Additional spec-

troscopic observations (Schmidt et al. 2010b) show that it is an L5 dwarf with an updated

distance estimate of 8.9±2.1 pc.

The discovery of these new objects at d < 30 pc indicates that there is potential to
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discover additional nearby L dwarfs. While SDSS is an excellent tool for uncovering dwarfs

with peculiar 2MASS colors, the SDSS footprint does not cover the entire sky, and as yet

there has been no comprehensive spectroscopic follow-up of all objects with L dwarf colors.

2.4 Kinematics

2.4.1 Proper Motions

Our combined photometric sample contains 586 objects that have both SDSS and 2MASS

photometry. These two surveys are astrometrically calibrated and span a range of dates

(2MASS 1997-2001; SDSS 2000-2008), which allowed us to calculate reliable proper motions

for the majority of objects in our sample, using the difference between the SDSS and 2MASS

positions. Objects were cross-matched using a search of the SDSS coordinates in the 2MASS

database with a radius of 5′′. None of the objects with SDSS coordinates had multiple

matches in the 2MASS database, and we found no mismatches by looking at outliers in

color space. The number of mismatches between the two databases is likely low.

Proper motions were calculated for all objects with two sets of coordinates, but we only

include measurements that had total proper motion uncertainties (σ
1/2
µ = (σ2

RA + σ2
dec)

1/2)

of less than σµ < 0.08”/yr or σtot/µtot < 0.25. The inclusion of dwarfs with σtot/µtot < 0.25

allows for objects with relatively large proper motions to be included if their uncertainties

are small compared to their proper motions. This should not bias the sample heavily towards

faster moving objects because it only includes 14 dwarfs that would have been otherwise

excluded. Table 2.6 gives proper motions for the 406 dwarfs (312 in the spectroscopic

sample) that have reliable calculated proper motions. The distributions of µα, µdec, σµ, and

time between observations are shown in Figure 2.7.

Of the 406 objects with measured proper motions, 135 have previous measurements

(Faherty et al. 2009, and references therein). The bottom two panels of Figure 2.7 show

the comparison of our measured proper motions to those from literature. There are only

9 objects that disagree by more than 0.08′′/yr in total proper motion. We were unable

to calculate SDSS/2MASS proper motions for 35 objects in the spectroscopic sample that

have measurements available from the literature. We include these literature measurements
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Figure 2.7 ]

Top panels: Histrograms showing the distribution of measured proper motions in RA (top

left) and dec (top right). In both panels, the mean proper motion is shown (dashed line).

Middle left panel: The distribution of total proper motion uncertainties. Note that cuts

have been made of σµ < 0.8 ”/yr or σµ/µtot < 0.25. Middle right panel: The distribution

of baselines used to measure proper motions. Bottom two panels: Comparison of our

proper motions in RA (left) and dec (right) to measurements from Faherty et al. (2009) and

references therein. A one-to-one correspondence line is shown.
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(which are noted in Table 2.6) in order to calculate three dimensional velocities for these

objects.

2.4.2 Tangential Velocities

While three dimensional velocities provide more accurate kinematic results, we could only

measure reliable radial velocities for 413 dwarfs in the spectroscopic sample (see Sec-

tion 2.4.3) and have no radial velocities for our photometric sample. By combining proper

motions and distances from this paper and from the literature, we examined the tangential

velocity distribution of 748 L dwarfs, shown in the left panel of Figure 2.8. The entire

sample of velocities has a median of Vtan = 28 km s−1 and a dispersion of σtan = 25 km s−1.

These values are consistent with previous results for L dwarfs (Faherty et al. 2009; Schmidt

et al. 2007).

The tangential velocity distributions for 347 L dwarfs in the spectroscopic sample and

for 306 dwarfs with complete UVW kinematics are also shown in the left panel of Figure 2.8.

They have dispersions of σtan = 28 km s−1 and σtan = 27 km s−1 respectively, which are

consistent both with previous work and with the larger sample of L dwarfs discussed above.

2.4.3 Radial Velocities

Ten L dwarfs with spectra in the SDSS database also have radial velocities measured with

high resolution spectroscopy (Mohanty & Basri 2003; Bailer-Jones 2004; Blake et al. 2007).

We used these SDSS spectra as radial velocity templates. The template spectra span the

entire L-dwarf spectral sequence with gaps no larger than one spectral type. We cross-

correlated each spectrum from the spectroscopic sample with every template within one

spectral type (in some cases there was only one such template). The minimum of the

cross-correlation function was fit to determine the radial velocity. Each cross-correlation

function was examined by eye to determine its quality. Cross-correlations that did not

yield acceptable minima were skipped. All others were ranked according to the depth and

symmetry of their form. Symmetric cross-correlation functions with troughs lower than

50% of the wings were assigned double the weight when computing the mean radial velocity



42

for each spectrum. Weighted standard deviations were also determined for each spectrum

with more than one cross-correlation template within one spectral type. Measurements

with uncertainties greater than 20 km s−1 were not used. Dwarfs cross-correlated with only

one spectrum had no formal uncertainties, so we conservatively assign them uncertainties

of 20 km s−1.

Radial velocities are given in Table 2.6 and the distribution of radial velocities is shown

in the right panel of Figure 2.8. The radial velocity distribution has a mean of < Vrad >=

−4.7 km s−1 and a dispersion of < σrad >= 34.3 km s−1. The deviation of the mean of the

radial velocity distribution from < Vrad >= 0 km s−1 is likely the effect of Solar motion,

and not due to a systematic error in our measurements. Most of the sight lines to our L

dwarfs are toward high northern Galactic latitudes (where most of the SDSS sky coverage

is). In addition, the Sun’s motion out of the Plane is W = 7 km s−1 (Dehnen & Binney

1998). Therefore, because the mean vertical motion of stars in the Galaxy is near 0 km s−1,

the distribution of stars in our sample appears to be moving toward us at the Solar vertical

motion. We have corrected for the Solar motion in the W velocities described below.

2.4.4 UVW Motions

Using proper motions, photometric distances, and radial velocities for 306 dwarfs in the

spectroscopic sample, we calculated UVW velocities and uncertainties with the method

outlined in Johnson & Soderblom (1987). Our velocities (given in Table 2.6) were corrected

to the Local Standard of Rest assuming UVW� = (-10, 5, 7) km s−1 (Dehnen & Binney

1998, with positive U defined toward the Galactic center). Because our L dwarfs are located

within 120 pc, these UVW velocities are essentially equal to their Galactic Vr, Vφ, and Vz

velocities.

To investigate possible biases due to the inclusion of fast moving objects (because of

the proper motion cut, σtot/µtot < 0.25) and poorer quality measurements, we compared

our sample to a subsample of 175 objects with lower uncertainty cuts (σµ < 0.08′′ yr−1

and σrad < 12 km s−1). Figure 2.9 shows UVW histograms of both the total sample and

the subsample. We fit Gaussian functions to each of the velocity distributions to determine
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Figure 2.8 Histogram of tangential (left) and radial (right) velocities. In both panels, all
dwarfs with complete UVW motions are shown (dashed lines). Dwarfs in the spectroscopic
sample that only have tangential velocity measurements (left) or radial velocity measure-
ments (right) are shown as the solid line. In the left panel, all dwarfs (including those
previously known) with proper motions and distance estimates are also shown as the dotted
line.

the mean and standard deviations (shown on each panel of Figure 2.9). The total sample

shows good agreement with the lower uncertainty subsample; we use the total sample in

the remainder of our analysis to take advantage of the larger number of velocities.

If we treat our kinematic distributions as a single population, our dispersions (σU , σV , σW )

= (25, 23, 20) km s−1 show reasonable agreement with those of previous studies. Zapatero

Osorio et al. (2007) found dispersions of (σU , σV , σW ) = (30, 17, 16) km s−1 from com-

plete kinematics of a sample of 20 L and T dwarfs, and Faherty et al. (2009) calculated

(σU , σV , σW ) = (28, 23, 15) km s−1 from tangential velocities of a distance-limited sample

of 114 L dwarfs.

2.4.5 Kinematic Models

Kinematics are useful tools to investigate the ages of populations of stars and brown dwarfs.

As a population ages, its members have an increasing number of gravitational interactions

with molecular clouds in the plane of the Galaxy. These interactions change the velocity
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of each star in a random direction and by a random amount, which increases the velocity

dispersion of the population. Kinematically cooler populations (smaller dispersions) are

typically younger than hotter populations (larger dispersions). The kinematics of disk

stars are often fit with two components - a cooler, younger population and a hotter, older

population (e.g., Reid et al. 2002).

While fitting the L dwarf velocities with a single Gaussian is useful for comparing our

population to previous work, a two component analysis is important to examine how the

L dwarf population compares to other disk dwarf populations (e.g. M dwarfs; Bochanski

et al. 2007a). With large samples of objects, this can be easily accomplished by fitting

two Gaussian functions to a histogram of the velocity distribution. The cold kinematic

population dominates near the mean velocity, while the hotter kinematic population is

usually only apparent a few standard deviations from the mean. For small samples like ours

(N < 400), the hotter population is difficult to fit, with the Gaussian fit depending strongly

on a few outliers in the wings of the velocity distribution.

This has been addressed in the past by fitting lines to a cumulative probability plot

(shown for our data in Figure 2.10). In a cumulative probability plot, the data are shown as

a function of the expected deviation from the mean for a Gaussian distribution; a population

well-described by a single Gaussian function would be a straight line (Lutz & Upgren 1980).

The dispersion of the cold population is then given by the slope of a line fit to the data near

the mean, and the dispersion of the hot population is given by the average of the slopes of

two lines fit to the data a few sigma in either direction from the mean (Reid et al. 2002;

Bochanski et al. 2007a). While it is evident from Figure 2.10 that our sample contains

both a hot and cold kinematic component, there are too few outlying points to use the

slope of the wings to obtain velocity dispersions. We have therefore compared the velocity

distributions to model kinematic populations.

We generated models by assigning a fraction of the total number of stars to each of the

two components. We then randomly populated a comparison data set based on a mean

and dispersion for each of the components, using the Box-Muller method (Box & Muller

1958). We used the Levenberg-Marquardt method for least squares fitting (Levenberg 1944;

Marquardt 1963) to minimize the difference between the model distribution and the data
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by varying the means and dispersions used to generate the model distribution. We repeated

this process 1000 times for each fraction. The best fit parameters selected for the fraction are

the mean of all the results. The uncertainties in the parameters are the standard deviation

of all the results divided by the square root of the total number of stars. Once the best

fit parameters for each fraction were found, we then determined the best fit fraction by

choosing the fraction with the minimum average χ2 fit. Only the W velocity showed a

strong minimum χ2, so we chose that fraction (90% cold, 10% hot) for the UV velocities as

well.

Comparisons of our model and observed kinematic distributions are shown as cumula-

tive probability plots in Figure 2.10. The means and dispersions of each of the populations

are shown on each panel of Figure 2.10 and given in Table 2.8. As expected, the veloc-

ity dispersions for the cold component are similar to those obtained by fitting the entire

population with one distribution. The dispersions of the cold and hot components are in

good agreement with M dwarfs at Galactic heights |z| < 100 pc (Bochanski et al. 2007a;

Pineda 2012, in prep.) indicating that the L dwarfs are kinematically similar to the local

disk M dwarf population. This indicates that the L dwarfs have similar ages to local disk

stars, instead of being a kinematically younger population, as has been previously suggested

(Zapatero Osorio et al. 2007).

2.4.6 J −KS Outliers and Age

The spread in J−KS color within each spectral type is much wider than the spread in i−z,

i− J , or z − J . Follow-up spectroscopic observations have shown that dwarfs with unusual

J − KS colors are also sometimes spectroscopically peculiar. Red J − KS outliers often

exhibit either distinctive low gravity features, indicating that these objects are young and

still collapsing (Kirkpatrick et al. 2008; Cruz et al. 2009) or evidence of dusty photospheres,

which can also be attributed to young ages (Looper et al. 2008). Blue outliers have been

found to show strong H2O and weak CO in their infrared spectra, possibly associated with

high gravity and old age (Burgasser et al. 2008).

Additionally, a majority of the spectroscopically young red outliers have positions coin-
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are given.



48

cident with young moving groups (Cruz et al. 2009), while many of the spectroscopically

peculiar blue outliers have fast velocities consistent with being members of an older popula-

tion. Faherty et al. (2009) investigated the kinematics of two groups of red and blue outliers

(regardless of spectroscopic peculiarities), and found that the red outliers (more than 2σ

from mean J−KS color) have a smaller tangential velocity dispersion (σtan = 16 km/s) and

the blue outliers have a larger tangential velocity dispersion (σtan = 47 km/s) compared to

the full sample dispersion of σtan = 23 km/s. This provides additional evidence that the

features that cause unusually blue or red color can be associated with age.

In order to test this, we again used a color difference (δJ−KS ; see section 2.3.2) to compare

the spread in color across spectral types. We separated our sample into five bins based on

their color difference and then examined the kinematics in each color difference bin. There

were not sufficient objects in each bin to analyze the kinematics with two components, so

we found one component velocity dispersions for each bin by fitting lines to their probability

plots (similar to fitting a single Gaussian function to each distribution). Figure 2.11 shows

the resulting σU , σV , and σW for the 5 color difference bins. It appears that the bluer L

dwarfs (δJ−KS < −1.5) have higher dispersions, indicating an older population.

To test whether color difference and velocity dispersion were correlated, we used Spear-

man’s rank test. The correlation between color difference and dispersion is significant (P

< 0.05) for σV and σW , with each having a correlation coefficient of ρ = −0.9. The

correlation between color difference and dispersion is not significant for σU (P = 0.14,

ρ = −0.7). The lack of significant correlation for σU is due to the higher dispersion found

in the 0.5> δJ−KS >1.5 bin, likely an effect of small number statistics. These correlations

support the idea that the color difference is primarily due to an age effect. Using the relation

from Wielen (1977), we derive a mean age of 4.4 Gyr for our blue outliers (δJ−KS < −1.5)

and 0.9 Gyr for our red outliers (δJ−KS > 1.5) . We do not provide a full relation between

δJ−KS and age here. Our sample is too small to derive a reliable relation, and the kinematics

and colors of L dwarfs should be examined in greater detail before an explicit relation can

be given. Whether the specific mechanism is the effect of clouds, gravity, metallicity, or

some combination of those three properties remains to be investigated.
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Figure 2.11 UVW velocity dispersions for L dwarfs divided into color difference bins.

2.5 Summary

We identified a sample of 484 L dwarfs using a search of the SDSS spectroscopic database,

210 of which are newly discovered. Combined with previously known dwarfs, this sample

has allowed us to provide updated SDSS/2MASS colors for L and T dwarfs, revealing a

systematic bias in previous selection based on J −KS color criteria.

We combined photometric distance estimates, proper motions, and radial velocities to

examine the three dimensional kinematics of 306 L dwarfs. The L dwarf population is best

fit by models generated from two Gaussian components, suggesting that it is made up of a

combination of old and young disk stars. There is a correlation between J −KS color and

velocity dispersion, which confirms a suggested relationship between age and color, with

younger L dwarfs having redder colors.

This correlation is especially interesting given the bias towards the selection of redder

objects in previous samples of L dwarfs. The current sample of L dwarfs is likely younger

than the actual population, thus explaining suggestions that the L dwarf population is

younger than the local disk (as measured by the field M dwarfs). Future work is needed to
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ensure that the current sample of nearby dwarfs includes those with peculiar colors, and to

further examine the relationship between age and color.
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Table 2.2. Activity

SDSS Designation (SDSS J +) Other Name ST Active? Hα EW (Å)

074227.46+412620.8 · · · L0 y 12.93 ± 0.84

074642.42+200031.8 2MASSI J0746425+200032 L1 y 2.44 ± 0.15

081301.02+322807.9 · · · L3 n 0.09 ± 0.00

092308.70+234013.7 · · · L1 n 3.47 ± 0.52

093600.12+043147.9 · · · L2 n -0.54 ± 1.35

101707.55+130839.3 2MASSI J1017075+130839 L2 y 7.20 ± 0.74

102204.88+020047.5 · · · L0 n 0.44 ± 0.61

102921.85+162649.81 2MASSI J1029216+162652 L3 y 3.60 ± 1.05

104842.80+011158.02 · · · L1 y 5.39 ± 0.37

105118.96+561308.0 2MASS J10511900+5613086 L1 y 1.75 ± 0.41

111736.93+360935.9 2MASSI J1117369+360936 L0 y 3.32 ± 0.98

114634.52+223053.1 2MASSW J1146345+223053 L3 y 1.66 ± 0.74

115339.67+503209.4 2MASS J11533966+5032092 L0 m 2.48 ± 0.90

115938.50+005726.9 DENIS-P J1159+0057 L0 y 2.13 ± 0.71

120249.99+420452.1 · · · L0 y 4.05 ± 1.01

120430.38+321259.4 2MASSI J1204303+321259 L0 y 1.80 ± 0.57

122127.70+025719.73 2MASS J12212770+0257198 L0 y 7.47 ± 0.36

130617.23+382029.6 2MASS J13061727+3820296 L0 m 2.98 ± 0.68

133132.98+340757.5 2MASS J13313310+3407583 L0 y 2.96 ± 0.72

133640.53+374322.64 2MASS J13364062+3743230 L1 y 2.64 ± 0.94

133849.45+043731.25 2MASS J13384944+0437315 L1 y 8.06 ± 0.72

135439.54+504451.0 · · · L1 y 2.64 ± 0.81

140444.86+463430.4 2MASS J14044495+4634297 L0 y 7.82 ± 1.07

141624.09+134826.7 · · · L6 n -0.16 ± 0.43

142843.13+331036.86 LHS 2924 L0 y 4.48 ± 0.34

143043.51+291541.3 2MASSI J1430435+291540 L2 n 0.53 ± 0.82

155259.02+294848.3 2MASSW J1552591+294849 L0 y 1.93 ± 0.55

161928.30+005011.7 · · · L2 m 1.85 ± 0.78

163600.79−003452.5 · · · L0 y 3.80 ± 0.72

165329.69+623136.4 · · · L2 y 3.55 ± 1.03

172543.84+532534.9 · · · L1 y 5.30 ± 0.85

233526.42+081721.3 · · · L0 y 4.07 ± 0.60

1EW = 0.5Å (Kirkpatrick et al. 2000); EW = 1.96Å (Reiners & Basri 2008)

2EW = 1.08Å, EW = 3.19Å (Reiners & Basri 2008)

3EW = 6Å (Schmidt et al. 2007); EW = 5.01Å, EW = 25.65Å (Reiners & Basri 2008)

4EW = 15Å, EW <5Å (hour apart) (Schmidt et al. 2007)

5EW = 11ÅEW = 28Å (year apart) (Schmidt et al. 2007)

6EW = 5Å (Schmidt et al. 2007); EW = 5.76Å (Reiners et al. 2007)
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Table 2.4. Median J −KS Colors

All Dwarfs SDSS Spectra Dwarf Archives

ST N median σ N median σ N median σ

L0 289 1.24 ± 0.01 0.18 218 1.20 ± 0.01 0.15 102 1.33 ± 0.02 0.18

L1 135 1.34 ± 0.02 0.19 75 1.29 ± 0.02 0.19 74 1.36 ± 0.02 0.19

L2 76 1.48 ± 0.02 0.20 25 1.45 ± 0.03 0.15 59 1.49 ± 0.03 0.21

L3 83 1.60 ± 0.02 0.22 40 1.52 ± 0.03 0.19 64 1.65 ± 0.03 0.23

L4 36 1.77 ± 0.05 0.30 3 1.47 ± 0.10 0.18 35 1.77 ± 0.05 0.29

L5 42 1.78 ± 0.05 0.31 8 1.82 ± 0.08 0.23 42 1.78 ± 0.05 0.31

L6 20 1.82 ± 0.07 0.29 4 1.61 ± 0.16 0.32 19 1.82 ± 0.06 0.25

L7 16 1.77 ± 0.05 0.22 3 1.77 ± 0.20 0.34 15 1.74 ± 0.06 0.22

L8 15 1.73 ± 0.04 0.17 5 1.65 ± 0.09 0.20 15 1.73 ± 0.04 0.17

Table 2.5. Dwarfs with parallaxes and SDSS photometry

SDSS coordinates ST Mi i− z i− J plx ref

03 20 59.8 +18 54 20.9 M8 14.85 ± 0.03 1.68 ± 0.02 3.92 ± 0.02 1

14 35 17.2 -00 46 12.8 L0 15.32 ± 1.14 1.78 ± 0.05 3.87 ± 0.11 2

15 10 16.7 -02 41 07.8 M9 15.68 ± 0.17 1.76 ± 0.02 4.13 ± 0.02 3

22 55 29.0 -00 34 34.0 L0 15.88 ± 0.35 1.91 ± 0.03 4.19 ± 0.06 2

15 01 08.1 +22 50 01.7 M8.5 15.96 ± 0.02 1.79 ± 0.02 4.22 ± 0.02 1

14 28 43.1 +33 10 36.8 M9 15.99 ± 0.03 1.81 ± 0.02 4.21 ± 0.02 4

14 35 35.7 -00 43 47.1 L3 16.89 ± 0.78 1.82 ± 0.07 4.37 ± 0.13 2

13 28 55.1 +21 14 46.0 L5 18.84 ± 0.28 2.33 ± 0.09 5.19 ± 0.13 1

17 11 45.7 +22 32 04.3 L6.5 19.75 ± 0.36 2.33 ± 0.19 5.06 ± 0.25 2

01 07 52.4 +00 41 56.3 L8 20.21 ± 0.17 2.57 ± 0.08 5.35 ± 0.09 2

08 25 19.4 +21 15 50.2 L7 20.46 ± 0.06 2.82 ± 0.06 5.50 ± 0.06 1

08 30 08.1 +48 28 47.3 L8 20.64 ± 0.13 3.15 ± 0.09 5.78 ± 0.09 2

16 32 29.2 +19 04 40.3 L8 20.77 ± 0.17 3.11 ± 0.16 5.81 ± 0.17 1

References. — (1) Dahn et al. (2002); (2) Vrba et al. (2004); (3) Tinney et al. (1995);

(4) Monet et al. (1992)
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Table 2.7. New L Dwarfs Within 30 pc

SDSS Designation ST J −KS δJ−K distance (pc) distance (pc) distance (pc) distance (pc)

i− z vs. Mi i− J vs. Mi ST vs. MJ mean

SDSS J141624.09+134826.7 L6 1.03 ± 0.03 -2.68 5.6 ± 1.1 5.2 ± 0.8 6.7 ± 3.2 6.2 ± 2.0

SDSS J092308.70+234013.7 L1 1.04 ± 0.03 -1.55 13.7 ± 2.6 20.7 ± 3.2 23.5 ± 11.0 21.4 ± 7.4

SDSS J090023.68+253934.3 L7 1.77 ± 0.14 0.00 18.6 ± 3.6 28.7 ± 4.8 25.1 ± 11.8 24.8 ± 8.2

SDSS J135439.54+504451.0 L1 1.20 ± 0.05 -0.75 22.7 ± 4.3 28.4 ± 4.4 29.6 ± 13.9 28.0 ± 9.0

SDSS J093113.23+280227.1 L3 1.25 ± 0.05 -1.62 31.0 ± 5.9 23.9 ± 3.7 29.0 ± 13.6 28.7 ± 9.1

Table 2.8. Means and Dispersions of Kinematic Components

Velocity Vector Component Mean (km s−1) σ (km s−1)

U cold 4.5 ± 0.1 27.2 ± 0.1

U hot −7.4 ± 0.4 72.3 ± 0.5

V cold −10.5 ± 0.1 24.5 ± 0.1

V hot −24.4 ± 0.3 49.3 ± 0.4

W cold 1.2 ± 0.1 18.2 ± 0.1

W hot −7.2 ± 0.4 60.1 ± 0.4
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Chapter 3

RADIAL VELOCITIES FROM TRIPLESPEC DATA

As part of my goal to examine the kinematics of nearby L dwarfs, I joined the Brown

Dwarf Kinematics Program (BDKP; Faherty et al. 2009), a collaboration (led by J. Faherty)

to measure six dimensional kinematics (positions and space velocities) of late-M, L, and T

dwarfs within 20pc of the Sun. In Fall 2008, I initiated a program to measure radial velocities

for nearby L dwarfs from infrared spectra taken with TripleSpec on the ARC 3.5-m telescope

at APO. During 23 half-nights over the course of 3 years, I obtained 145 observations of 116

L dwarfs. I began data reductions in early 2009, and have since used six different software

packages but have been unable to produce spectra of sufficient quality for radial velocity

measurements. This chapter describes the project and targets, the attempted reduction

methods, and characterizes the reduced spectra.

3.1 BDKP: Goals and Progress

As discussed in Chapter 1 the ages of ultracool dwarfs are particularly interesting due to the

inclusion of disk-age stars and young brown dwarfs in the same spectral classes. One of the

most reliable methods for determining the ages of ultracool dwarfs are velocities and velocity

dispersions. The kinematics for hundreds of stars and brown dwarfs can characterize both

the underlying age distribution of ultracool dwarfs and identify interesting kinematic outliers

(young moving group members, old halo dwarfs, and common proper motion binaries).

Proper motion and parallax programs have been carried out by J. Faherty (Faherty et al.

2009, 2010, 2012), and radial velocity measurements for late-M and T dwarfs are currently

in progress by other members of the BDKP collaboration. This chapter describes the status

of my current efforts to measure the radial velocities of the 20pc volume limited sample of

L dwarfs.
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3.1.1 Proper Motions and Parallaxes

BDKP paper I (Faherty et al. 2009) reported new measurements of 427 proper motions

for ultracool dwarfs and analyzed all 841 available ultracool dwarf proper motions. Using

these proper motions, Faherty et al. investigated the kinematics of late-M, L, and T dwarfs

compared to other disk stars and found the kinematics to be statistically equivalent. They

also first explored correlations between J −KS color and age using kinematic arguments,

finding that dwarfs with bluer J−KS colors had larger mean velocities and dispersions. The

proper motions are not only useful in their own right, but are essential to the measurement

of the complete space velocities once radial velocity measurements have been completed.

BDKP paper II presented and discussed nine wide binaries found through a search

for proper motion companions to the BDKP proper motion sample (Faherty et al. 2010).

These binaries, each containing both an ultracool dwarf and higher mass star, are useful

benchmark objects, allowing calibration of age and metallicity for the lower mass objects

through their high mass counterparts. These wide companion systems also test the limits

of binding energy required for a binary to remain gravitationally bound.

BDKP paper III includes new parallax measurements for 70 ultracool dwarfs (Faherty

et al. 2012). One motivation for a large sample of ultracool dwarf parallaxes is to examine

trends in MJHK as a function of color and spectral type to test evolutionary models. Ad-

ditionally, these parallax measurements are essential in providing an updated calibration

of photometric and spectrophotometric distances. It is typically impossible to measure the

parallax of every star in a kinematic sample, so well-calibrated spectrophotometric distances

will result in more precise and reliable three-dimensional kinematics.

3.1.2 Radial Velocities of L Dwarfs

My contribution to BDKP is to measure radial velocities for every known L dwarf within

20pc. These velocities, when combined with previously measured proper motions, will

produce three-dimensional velocities for a volume-limited sample of L dwarfs. The BDKP

collaboration will use these velocities to analyze the kinematic ages of a complete sample

of nearby L dwarf population and select objects with peculiar space motions. To perform
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Figure 3.1 Left: The distribution of KS magnitudes for the L dwarfs within 20pc in the
northern hemisphere. Right: Spectral type distribution of SDSS L dwarfs with radial
velocities, the 20pc sample, and the additional late-L dwarfs observed with TripleSpec.

the planned analyses, we require velocities with a precision of 10-15 km s−1. The initial

list of L dwarfs was based on a query from DwarfArchives.org, including 116 dwarfs within

20pc based on the spectral type/MJ distances relation from Cruz et al. (2003). Of the 116

L dwarfs, 101 are accessible from the northern hemisphere with a range of KS magnitudes

from 10.5 to 14.7 (Figure 3.1). Estimated exposure times to obtain spectra with S/N∼15

per pixel range from 5 minutes to two hours, with a total estimated observing time of ∼100

hours.

The clear advantage of working with a volume limited sample is its balance of early- and

late-L dwarfs, especially compared to the SDSS L dwarf sample (Figure 3.1). Analysis of

the SDSS L dwarfs (which included mostly early-L dwarfs) showed no kinematic bias from

the inclusion of both young brown dwarfs and a disk age stellar sample, but a larger sample

of mid- to late-L dwarfs could show a bias towards younger ages due to the inclusion of a

significant number of young brown dwarfs. As observations progressed, I began observing

some additional L4-L9 dwarfs that fell just outside the 20pc boundary (and so were still
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relatively bright). While analysis of the kinematics of these objects will be treated sepa-

rately from those of the 20pc sample, they are included in this chapter because the focus is

primarily on data reduction techniques. Their inclusion increases the number of L dwarfs

observed to 116 objects.

At the outset of the project, 17 of the 116 objects on our list were considered radial ve-

locity standards, with high precision radial velocities from Mohanty & Basri (2003); Bailer-

Jones (2004); Blake et al. (2007) and Zapatero Osorio et al. (2007). Over the course of

the next three years of observations, the number of standard stars with published radial

velocities grew to 58 with velocities from Blake et al. (2010) and Seifahrt et al. (2010). The

large number of published radial velocities is an advantage for increasing the number of

radial velocity templates and comparison objects.

Upon the completion of the observing program in early 2011, I had obtained 145 obser-

vations of 116 L dwarfs with TripleSpec. Table 3.1 lists these targets, previously observed

radial velocities, and characterizes the exposure times and sky conditions of each observa-

tion.
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The observing procedure typically consisted of the following steps. Targets were placed

on the spectrograph slit using a guide camera with a roughly K band filter. The slit was

oriented without reference to the parallactic angle. Once the target was centered on the slit,

an observing script was run that shuffled the target from its initial position to a position

on the other side of the slit, forming an ABBA nod pattern. The data for each exposure

was read out using a Fowler sampling of 8. Each individual exposure ranged from 10

seconds (long enough for the required fowler sampling readouts) to 200 seconds (where the

sky background in K band begins to dominate). The number of exposures and individual

exposure times are given in Table 3.1.

An A0 standard star spectrum was taken before or after each target star to provide

telluric correction. The A0 standards were also observed using an ABBA nod pattern, with

notably shorter exposure times. Each night, a series of 10 flat field spectra (Quartz lamp)

were taken; no arc lamp exposures were taken because the assumed method of calibration

was the telluric emission lines, and no darks were taken because the assumed calibration

involved pair subtraction (which subtracts the dark and thermal currents).

3.2 Overview of the TripleSpec Instrument

TripleSpec (Wilson et al. 2004) is a mid-resolution (R∼3500) infrared (0.95 µm to 2.5 µm)

spectrograph. The TripleSpec instrument was designed to be easily reproduced, and was

initially planned for three telescopes, resulting in the “Triple” portion of the instrument

name. As of the publication of this dissertation, one TripleSpec is a facility instrument

at the Palomar 200-in telescope and a second is a facility instrument at the Astrophysical

Research Consortium (ARC) 3.5-m telescope at Apache Point Observatory (APO). ARC

TripleSpec was commissioned in March 2008 and was available for all APO users as of Q4

2008.

TripleSpec is unusual for its wide wavelength coverage and medium resolution, distin-

guishing it from other infrared spectrographs with lower-resolution, but covering a similar

wavelength range (e.g. SpeX on IRTF; Rayner et al. 2003) and higher-resolution instru-

ments covering only a portion of the infrared spectrum (e.g. NIRSPEC on Keck; McLean

et al. 1998). This combination of resolution and wavelength coverage has only been sur-
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passed with commissioning of X-shooter on the VLT in September 2008 (Vernet et al. 2011)

and FIRE on Magellan in March 2010 (Simcoe et al. 2010).

To achieve the combination of wide wavelength coverage and medium resolution, light

from the telescope is cross-dispersed, resulting in 5 orders which are captured on a 1024x

2048 detector. Each order is curved with respect to the x,y coordinates of the detector, and

lines of constant wavelength are tilted with respect to each order. These effects are shown

in full frame images of a flat field and a target + sky (Figure 3.3) and a detail image of a

portion of the target + sky (Figure 3.4). Extracting useful data from raw images like these

involves fitting both the curved order and the tilt of lines of constant wavelength across the

slit.

Our observations exclusively used the 1.1” (2.1 pixel) slit, resulting in an average res-

olution of R∼3500, but the resolution of TripleSpec varies over the length of each order

and between the orders themselves. Figure 3.2 shows both ∆λ and ∆v as a function of

wavelength for all five TripleSpec orders when the 1.1” slit is in use. The ∆λ of each pixel

varies from 1.2Å in the 7th order to 3.0Å in the 3rd order, while the ∆v varies from 34 km

s−1 to 47 km s−1 within each order.

Most reduction software packages begin by identifying and fitting the curved orders.

Following that fit, the orders were either interpolated onto a straightened grid (which effec-

tively smooths the spectrum, resulting in a loss of information) or the fit to each order was

used in conjunction with additional fits to derive a two-dimensional wavelength solution

(which must account for some tilt). While the tilt is small (1-4 pixels over an order width of

90-110 pixels), correctly fitting it across all orders is essential for radial velocity work and

for faint stars where the precise sky subtraction is important.

3.3 Reduction Codes

While obtaining the observations described in Section 3.1.2, I was reducing data with the

APO SpexTool, which is described in detail in Section 3.3.2. As it became clear that

the APO SpexTool reductions were not producing velocities wither either accuracy (as

measured from comparison to literature values) or the needed accuracy (10-15 km s−1), I

briefly attempted four different reduction codes before moving to the Firehose reduction
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Figure 3.2 Pixel (∆λ) and velocity (∆v) resolution of TripleSpec as a function of wavelength.
Each order is shown in a different color. The resolution varies both between the orders and
throughout each order from 1.2 to 3.0Å per pixel and from 34 to 47 km s−1.
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Figure 3.3 Top Panel: A 60 second exposure of bright quartz lamp taken on UT 2010
March 3. The orders are numbered in the center, and the approximate wavelength of the
end of each order is given in microns. Bottom Panel: A raw 60 second exposure of 2MASSW
J1300425+191235, an L1 dwarf also taken on UT 2010 March 3. In both panels, the shading
corresponds to the number of counts in each pixel.
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Figure 3.4 A portion of the 3rd spectral order near 2.1 microns from the 60 second exposure
of 2MASSW J1300425+191235 shown in the bottom panel of Figure 3.3. This is not a
region of large order curvature, but the lines show a tilt of ∼4 pixels across the order of
∼104 pixels.

code (Section 3.3.3). A description of the reduction attempted with each of the codes is

described below.

3.3.1 Attempted Reduction Codes

NIRSPEC reduction code

NIRSPEC is an R∼25,000 cross-dispersed infrared spectrograph which is a facility instru-

ment at Keck II (McLean et al. 1998). The NIRSPEC reduction code, REDSPEC1, is an

IDL-based code which has been adapted to reduce data from other instruments as well.

REDSPEC begins by measuring the curve and tilt of each order in a single input science

image. The curve is measured through the object trace, then the order is rectified in the

spatial direction and saved as an output. The user then identifies sky lines in the spatially

rectified image, and the tilt of those sky lines is measured and used to rectify the image in

the spectral direction.

1http://www2.keck.hawaii.edu/inst/nirspec/redspec.html
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After putting a few test images through the rectification procedure, the output spectra

were found to still have residual tilts of 0.5-1 pixel (over a 100 pixel order; ∼0.57◦) , and

residual curvature of 1-5 pixels (over 2048 pixels; ∼0.14◦). These residuals did not disappear

for any iteration of selected sky lines (there are at least 10 in each order) or polynomial order

to fit the curvature. When combined with the unavoidable smoothing that would result from

interpolating the input data twice, these residuals (of at least 1 pixel, or >30 km s−1) were

deemed unacceptable. A reinvestigation of the NIRSPEC code using sub-images may be

warranted if the TripleSpec data remains unreduced by other methods.

Palomar TripleSpec Reduction Code

The TripleSpec instrument at Palomar was commissioned before the APO TripleSpec, and

Phillip Muirhead wrote a custom IDL code to rectify raw data and prepare it for further

reductions. The file format of data from Palomar TripleSpec has a surprisingly large number

of differences from the APO TripleSpec, so the code was not simple to adapt to the L dwarf

data. After a brief attempt to use the software, I instead used it to inform my later attempts

at writing my own code.

IRAF Echelle Reduction

IRAF contains an echelle reduction package which performs many of the order finding

and flat fielding strategies used in the other reduction codes discussed. The routines are

designed to handle the curved orders and object traces which are often part of echelle data.

Additionally, a parameter can be set to extract the arc from the wavelength calibration image

at the same location as the science aperture, minimizing the effects of tilt. Unfortunately,

there is no IRAF parameter to handle the tilts of the lines, resulting in very poor sky

subtraction. Additionally, the tilt proved to be significant over the spatial extent of the

aperture, resulting in a “smoothed” wavelength resolution in the extracted spectrum.
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Custom IDL Code

I also made a brief attempt to write reduction code in IDL, hoping that a combination of

my own parameters and fitting, combined with functions from other codes, would produce

a better solution. The solution I chose was to measure order curvature using a flat field

image, then flat field and rectify each order of each science image. Then I would measure

tilts from the positions of sky lines and further rectify each image before using IRAF ex-

traction techniques. This produced an image with residual tilts and curvature that was

only marginally less than the NIRSPEC code. This lack of success convinced me that the

proper reduction code would fit curvature and tilts with more complex functions to produce

adequate spectra.

3.3.2 Spextool As a Reduction Tool for APO TripleSpec

Spextool is an IDL-based reduction code written for the Spex instrument on IRTF (Vacca

et al. 2003; Cushing et al. 2004). Spex includes both a low-resolution mode at R∼1000-

2000 and a prism mode at R∼100. Following the commissioning of TripleSpec, M. Cushing

adapted Spextool to reduce TripleSpec data using the code written for the low-resolution

mode. The APO Spextool reduction pipeline is described fully in Cushing et al. (2004), but

I will also summarize the main features of the pipeline here.

The APO Spextool Reduction Pipeline

Flat field: The flat fielding process begins with the identification and median combination

of all images of the bright quartz lamp (usually the recommended 10 exposures at 60s). The

edges of each of the five orders are found on the master flat; the reduction package relies

on input guesses for the edge of each order, then finds the real edge by locating a high and

low point nearby with a flux change of 75%. Once the positions are located, a set of fourth

order polynomial coefficients are stored in the header of the final flat field image for use in

the next steps.

Wavelength Calibration: The current iteration of APO Spextool relies on sky emis-

sion lines for wavelength calibration. The user inputs a group of wavelength calibration
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images, usually a number of target exposures with relatively bright sky lines. The pipeline

then creates a sky image from a median combination of the input images and extracts an

aperture from the center of each order for wavelength calibration. The lines are found by

fitting a gaussian to the area around each of a list of guessed positions. A third order

polynomial is then fit to the lines, and the resulting wavelengths per pixel are stored for

application to the extracted spectrum. The residuals for the wavelength fit performed by

APO Spextool were typically 0.1-0.3Å for orders 3 and 4, and 0.8-1.5Å for orders 5, 6, and

7.

Pairwise Sky Subtraction: The primary extraction mode in APO Spextool is pairwise

subtraction, where the data are taken in pairs of A and B exposures with equal exposure

times. As described in Section 3.1.2, the target is moved from one side of the slit (the

“A” position) to the other (the “B” position) between two images. Since the B image is

taken immediately after the A image, the sky conditions should remain relatively constant

between images. Subtracting A−B images should result in a pairwise subtracted image

with little or no residual sky lines. The subtraction also removes any thermal or dark

current background, which are roughly equal in the two images. In practice, sky lines often

remain after subtraction (as shown in Figure 3.5) likely due to changing conditions over

short timescales.

Aperture Extraction The apertures are extracted in pairs from the A−B images. To

find the apertures, each column (or wavelength) of the order is shifted by its polynomial

offset and added together to construct a spatial profile image. The profile image shows the

A and B apertures in their positions across the slit. The user can select the center of each

aperture, or an automated process will find the aperture center based on a gaussian fit to

the aperture profile. The user can then select the aperture width in addition to a region

for sky subtraction along each order. The aperture is then extracted along each order.

Additional sky subtraction is performed during the extraction with a polynomial fit to the

sky on either side of both apertures.

Telluric Correction: All of the exposures of each target are median combined, then

flux calibrated and telluric corrected using the method described in detail in Vacca et al.

(2003). Briefly, the calibration uses an A0 star standard that was taken at a similar airmass,
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Figure 3.5 Flat fielded and pair subtracted spectra of L2.5 dwarf D081224 taken on 2009
March 3. Note the residual sky lines, still strong compared to the spectrum even when
equal-length exposures are subtracted.

hour angle, time, and region of the sky to the science target. The spectrum of this standard

star (as extracted) is then de-reddened (using published B and V magnitudes) and shifted

to approximately zero radial velocity to match the model spectrum. The A0 standard

spectrum is then divided by a model spectrum of Vega2 with hydrogen absorption lines (the

main spectral feature) modified to match the strength and the broadening measured from

a fit of the 1.00494µm Paschen δ line in the sixth spectral order. The resulting telluric

calibration spectrum contains both telluric lines and the relation between counts detected

and absolute flux for the whole spectrum. The final science target spectrum is calculated

by dividing the extracted, combined spectrum by the telluric correction spectrum.

2from http://kurucz.harvard.edu/stars.html
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Spectra Reduced With APO Spextool

An example spectrum of L2.5 dwarf DENIS-PJ0812316-244442 (hereafter D081224) reduced

using SpexTool is shown in Figure 3.6. For comparison, a similar type L dwarf spectrum and

the positions of the telluric OH lines are shown. The emission/absorption features which

correspond to the OH lines exemplify the two main problems with SpexTool reductions of

TripleSpec spectra. The sky lines are imperfectly subtracted - leaving an excess in emission

for the A or B exposure and effectively an absorption line for the other object in the pair.

The wavelength solution is also derived from a fit to the middle of the order3, which results

in an offset between spectra taken at different sides of the slit due to the tilt across the

order.

The spectrum shown in Figure 3.6 is not representative of the appearance of the entire

sample of spectra. The reduction of this spectrum is particularly bad, though the cause of

the particularly poor sky subtraction is unknown. D081224 is of an average brightness (KS

= 12.39) compared to the rest of the L dwarfs and the spectrum was taken during “grey”

time (50% moon illumination during that portion of the night) and in clear conditions with

low humidity. The airmass of the observations was relatively high (1.8), but as is discussed

further in Section 3.5, no obvious factor seems to determine the quality of the final spectrum.

Even if other spectra have reductions which appear better, with weaker residual sky lines,

the primary issue is that the wavelength solution is offset by 1-4 pixels between the A and B

exposures in every order (which would have a corresponding effect of at least ∼30 - 120 km

s−1 in the final spectrum). It is possible that this effect would be sufficiently corrected by

an offset calculated from comparison of sky lines extracted from the A and B apertures, but

the corrected spectra would still be subject to smoothing from the assumption that pixel =

wavelength within the aperture. This solution was not attempted.

3A further updated version of SpexTool was released in beta by M. Cushing in March 2011, which con-
structed a more sophisticated wavelength solution without the assumption of that wavelength is constant
across the order. Extensive tests showed that this update still produced qualitatively similar results for my
spectra. The version of the code which I discuss is most similar to the current publicly available version
of APOSpexTool and the version of Spextool described in Cushing et al. (2004)
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Figure 3.6 Spectrum of L2.5 dwarf D081224 (also shown in Figure 3.5), extracted us-
ing the standard Spextool reduction pipeline. The spectrum of L1 dwarf 2MASS
J14392836+1929149 from Cushing et al. (2005, red line) and the wavelengths of strong
telluric OH lines (green dotted) are also shown; the residual sky features are aligned with
the OH lines, while the real L dwarf features (mostly FeH absorption) are present in the
spectrum of 2MASS J14392836+1929149 as well.
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3.3.3 Adapting Firehose to TripleSpec

The FIRE (Folded-port InfraRed Echellette) spectrograph was built for the Magellan tele-

scope and was commissioned there in March 2010 (Simcoe et al. 2010). Reduction software

for FIRE should be a good match to TripleSpec because the instruments are similar; FIRE

has a slightly larger wavelength coverage than TripleSpec (0.82-2.51 microns), and a higher

resolution (R∼6000). The raw data are cross-dispersed over twenty-one orders, which are

both curved and tilted. The FIRE reduction code, named Firehose, is written in IDL and

based on MASE, a spectral reduction code written for the Magellan Echellette Spectrograph

(Bochanski et al. 2009). The MASE code is in turn based heavily on the IDL routines writ-

ten to reduce the SDSS spectra (the SDSS spectro2d pipeline4; and XIDL routines5). I

worked with John Bochanski to adapt the Firehose code to TripleSpec data.

Description of the Firehose Pipeline

Order Edges: On a single flat field image, the pipeline locates the edges of the orders

using a sawtooth technique. Each row in the image is shifted by one spatial pixel and then

subtracted from the original row. The edges of the order then stand out as peaks and

troughs, which are identified using the x fndpeaks IDL routine. The locations of the edges

of each order are saved in a file which is accessed in subsequent steps.

Flat Fields: The Firehose pipeline constructs two flat fields - an illumination flat

(which corrects for the scattered light on an image due to using an in-dome calibration

for an on-sky observation) and a pixel flat (which is the typical flat used to quantify the

detector response). Before either of these flat fields are constructed, an estimate of the tilt

of each line is calculated from the positions of the sky lines. No input sky line positions are

used; peaks are found in each x (spatial) row parallel to the order edge.

The illumination flat is constructed from a set of median combined on-sky images. Before

the illumination flat is created, each order is rectified in both dimensions using the order

edges and the slit tilts. The illumination flat is then created by fitting the average change in

4http://spectro.princeton.edu/

5http://www.ucolick.org/xavier/IDL/index.html
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flux over the spatial direction of the order. Large deviations from the median value in the

spatial direction are ignored. Using an image of a target star, the illumination flat produced

shows a very small (∼1%) gradient over the detector.

The pixel flat is constructed without rectifying the flat field images. A median filter is

applied to each image to remove large scale variations, then the group of filtered images is

median combined. Pixels outside the boundaries of each order are set to unity.

Fire Structure: The remainder of the code depends on a fits table named the “fire

structure”. The fire structure contains a list of all the observations and the user classifies

each object as “science,” “telluric,” “lamp” or “unknown.” Each group of science obser-

vations is assigned a single ID and final name. Additionally, each science observation is

matched to one or more telluric observations. Lamp exposures are assigned to data without

strong sky lines; for our observations, the telluric observations are assigned a science image

as a wavelength calibration reference.

Extraction Pipeline: Once the above steps are completed, the extraction pipeline is

run on each group of science exposures which re-measures tilts, finds sky lines and calcu-

lates a wavelength solution, generates and subtracts a sky model, extracts apertures, and

interpolates the aperture extracted from each order onto a wavelength grid.

Wavelength Solution: The initial wavelength solution is derived from lines identified

and labeled in an interactive procedure. This initial solution used 6th order polynomials to

determine a wavelength solution, and had average resulting RMS values of 0.2Å.

During the reduction pipeline, the wavelength calibration begins with a new measure-

ment of the tilts in the image based on the locations of the sky lines; peaks are found in

every row across the spatial dimension and the change in location of the peaks is calculated

to rectify the image. The image is then rectified, and a master arc is constructed by a me-

dian combine of all the rows. OH lines are located by looking for peaks near the locations

of lines in a stored arc with identified lines, and the wavelength solution is determined by

a polynomial fit to the locations of those lines. The fits typically produced RMS values of

0.5Å. The wavelength solution is then translated to a wavelength image, which assigns a

wavelength value to each pixel in the original image.

Sky Subtraction: The sky subtraction is performed by a fit to the sky in each science
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image. The aperture of the target is first crudely traced and extracted, then an initial

sky trace is taken along the spatial center of the slit. The sky trace is fit with a B-spline

(Kelson 2003). A B-spline is a functional fit defined by the order and separation of a series of

piece-wise polynomials. This initial fit is propagated along the slit in the spatial direction

using the tilt found in the wavelength solution process. Note that this sky subtraction

procedure does not include any assumption of the location and width of the sky lines, but

fits a function to the background sky as it is measured in the image. The B-spline fit to

the sky is then used as an initial sky subtraction image and fed into the aperture extraction

routines.

Aperture Extraction: After a rough spectrum is extracted from each order, the spec-

tra are then extracted using optimal extraction techniques (e.g., Mukai 1990). In optimal

extraction, each pixel is weighted by the fraction of total flux it contains, determined by a

collapsed trace of the entire order in wavelength space. After the weights are determined,

the image is fit by two sets of B-spline functions, one for the aperture and one for the

sky background. Outliers from the B-spline fits (usually cosmic rays) are rejected, and the

B-splines are re-fit, producing an aperture and a final sky background image.

An example of a final sky subtracted image is shown in Figure 3.7. The sky subtraction

was very good for orders 5-7, but consistently failed for orders 3 and 4. Within both of those

orders, the residuals show that the sky model did not match the tilt of the real data; there

is an over-subtracted line offset from the sky line in the data. These poorly subtracted

features was present in every reduced spectrum. We mainly attempted to address the

problem through adjusting the B-spline spacing, using values from 0.05 to 1 pixel and the

B-spline order from 3 to 7 (other parameters had no effect on the subtraction problem).

Due to these issues with sky subtraction, orders 3 and 4 (H and K band) were deemed

unusable for velocities.

To assign wavelengths, an identical aperture is extracted from the wavelength image,

and the extracted apertures in flux and wavelength are interpolated onto a wavelength array

generated for each order.

Telluric Correction and Combination: The Telluric standards are extracted in a

similar fashion to the science objects, but done with a science image with strong telluric lines.
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Figure 3.7 The final sky subtracted image from Firehose reduction. While the sky subtrac-
tion looks good for order 5-7, there is a residual tilt between the modeled lines and the
real lines in orders 3 and 4. These residuals remained for every value of B-spline spacing
between 0.1 and 1.
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The telluric calibration routines from the Spextool reduction package (Vacca et al. 2003)

are also used for Firehose. A description of those routines can be found in Section 3.3.2.

The only difference in telluric correction is that Firehose runs telluric calibration before

combining the spectra, while Spextool runs telluric calibration afterwards.

Spectra Reduced With Firehose

An example spectrum of L2.5 dwarf D081224 reduced using Firehose is shown in Figure 3.8,

again with a comparison L dwarf spectrum and the positions of the telluric OH lines. There

are many residual absorption features at the position of many of the OH lines, again empha-

sizing (as shown in Figure 3.7) that the sky model which was fit to this order overestimated

the strength of the sky lines. The reduction of this object is atypically poor (as was the case

for its reduction with Spextool), but similar residuals are apparent in most spectra reduced

using Firehose, as is discussed in the description above.

While Firehose reduction produced, on average, better reductions for the TripleSpec L

dwarfs, the software failed to find tilts and/or apertures for 34 of the 145 observations. These

are preferentially (though not exclusively) data with individual exposures of 60 seconds or

shorter, indicating that the problem is likely caused by weaker sky lines in short exposures.

In a further updated version of the code, I will implement a co-adding feature to produce

stronger lines for the reductions. Using the current version of the software, there were

sufficient spectra to examine the wavelength and velocity fidelity of the sample without

solving this issue.

Figure 3.9 shows a portion of the spectrum of DENIS-PJ0812316-244442 in the J band,

constructed from the 5th and 6th spectral orders, again with a comparison spectrum and OH

lines (though those shown for the J band are on average 5 times weaker than those shown

for the H band). Because the sky subtraction appears to be adequate in this portion of the

spectrum, this is the region of the spectrum that is most suitable for velocity measurement.

The next few sections focus on this region of the spectrum extracted using the Firehose

pipeline.
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Figure 3.8 Spectrum of L2.5 dwarf D081224, extracted using the Firehose pipeline. The
spectrum of L1 dwarf 2MASS J14392836+1929149 from Cushing et al. (2005, red) and the
wavelengths of strong telluric OH lines (green dotted) are shown. The residual sky features
are aligned with the OH lines, while the real L dwarf features (mostly FeH absorption) are
present in the spectrum of 2MASS J14392836+1929149 as well. A heliocentric correction
of −11 km s−1 was applied to the data, which may account for the shift between the sky
lines and their rest wavlengths.
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Figure 3.9 Same as Figure 3.8, but for the region of the J band which is most promising for
wavelength determination. Despite the prominent sky residuals in the H band of the same
spectrum (Figure 3.8), the data in this region is mostly free of OH lines; those shown here
are on average 5 times weaker than the OH lines shown in Figure 3.8

3.4 Examining Wavelength Fidelity In The J Band

Two L dwarfs observed with TripleSpec and successfully reduced with Firehose also have

publicly available high resolution (R∼20,000) spectra in the J band from NIRSPEC (McLean

et al. 2007). Figures 3.10 and 3.11 show TripleSpec spectra of the L2 dwarf Kelu-1 (J = 13.4)

and the L7 dwarf DENIS J020529−115930 (J = 14.6; hereafter D0205011) compared to

NIRSPEC spectra which have been interpolated onto the same wavelength array. The

agreement between each of the spectra seems reasonable, considering the lower resolution

of TripleSpec and the lower S/N of the TripleSpec spectrum of D0205011. to check the

wavelength agreement, I performed a cross-correlation of the NIRSPEC spectra with the

TripleSpec spectra for both of these dwarfs.

Tables 3.2 and 3.3 show the result of cross correlating 8 different spectral orders with the

TripleSpec data. Ideally, the match between the spectra would result in pixel and velocity

shifts near zero. For velocities from these spectra to be useful for the study of L dwarfs

as a kinematic population, our wavelength calibration should be accurate to at least 15-20
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Figure 3.10 Spectrum of L2 dwarf Kelu-1, taken on 2009 May 6 with TripleSpec, compared
to a NIRSPEC spectrum of Kelu-1 (red dashed line). The NIRSPEC spectrum has been
interpolated onto the TripleSpec wavelength array to better compare the two spectra. The
telluric lines are shown (green dotted lines) and the KI doublets are identified and labelled
(blue). The numbers of each NIRSPEC order are also shown.
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Figure 3.11 Same as Figure 3.10 but for L7 dwarf DENIS J020529−115930 taken on 2008
November 17.



109

Table 3.2. Cross Correlation For Kelu-1

NIRSPEC Wavelenth Shift Velocity

Order (microns) (pixels) (km s−1)

58 1.305 - 1.324 -6.66 -203.0

59 1.283 - 1.301 0.90 27.5

60 1.261 - 1.280 -0.05 -1.5

61 1.241 - 1.259 0.25 7.6

62 1.221 - 1.239 0.52 15.9

63 1.202 - 1.219 0.29 8.8

64 1.183 - 1.200 0.46 14.0

65 1.165 - 1.182 0.83 25.3

km s−1, which corresponds to ∼0.5 pixel in the J band. For both Kelu-1 and D020511, the

cross-correlation fails catastrophically (shifts of over five pixels) for the 58th order. This is

likely because of the large amounts of noise in the TripleSpec spectra, as it is on the edge

of a telluric absorption band.

Compared to the NIRSPEC spectrum, the TripleSpec spectrum of Kelu-1 appears to

have a relatively good wavelength calibration, with NIRSPEC orders 60-64 (corresponding

with wavelengths of 1.183-1.28 microns) showing reasonably good agreement. This is true

even for orders 62 and 63, which overlap with a relatively large number of sky lines. While

the agreement is in general good, orders 61-64 are all offset in the same direction, possibly

indicating a systematic wavelength error of ∼10 km s−1. With this spectrum alone, it is

impossible to draw strong conclusions about the wavelength fidelity of TripleSpec spectra

as reduced by Firehose.

The cross correlation results indicate that D020511 is a particularly poor match for the

NIRSPEC spectrum, with only the 59th, 63rd, and the 64th order matching even within

one pixel. These offsets appear to be due to combination of noise and sky line residuals in

the TripleSpec spectrum rather than an offset between the two spectra. If this is the case,

spectra with poor S/N should have systematically poor matches between their measured
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Table 3.3. Cross Correlation For D020511

NIRSPEC Wavelenth Shift Velocity

Order (microns) (pixels) (km s−1)

58 1.305 - 1.324 10.28 313.7

59 1.283 - 1.301 0.54 16.5

60 1.261 - 1.280 4.16 126.9

61 1.241 - 1.259 1.45 44.3

62 1.221 - 1.239 8.88 270.8

63 1.202 - 1.219 0.75 22.9

64 1.183 - 1.200 -0.94 -28.7

65 1.165 - 1.182 2.11 64.4

velocities and previously published velocities. It is also possible that the wavelength solution

is poor, though if that was the only problem with this spectrum, we might expect systematic

offsets in the cross-correlation results.

The agreement between the NIRSPEC spectra and the TripleSpec spectra for these two

objects is not particularly encouraging. The spectrum of Kelu-1 is nearly a good match,

while the noisy spectrum of D020511 is a poor match, mostly due to its low S/N in the

J band. Further testing is needed to determine (A) if there is a systematic effect where

low S/N dwarfs have poor velocities or (B) these results are typical of the results for our L

dwarf velocity standards. Because there are no other high resolution spectra available for

this comparison, I investigate these issues by comparing velocities measured from TripleSpec

data to published velocities.

3.5 Examining Velocity Fidelity

Fifty-two L dwarfs have both TripleSpec data and velocities measured in Chapter 2, Mo-

hanty et al. (2002); Bailer-Jones (2004); Blake et al. (2007); Zapatero Osorio et al. (2007)

or Blake et al. (2010); these velocities are given in Table 3.1. In this section, I compare

velocities measured using three different methods with radial velocities from literature for
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these objects. The first method fits K I lines with gaussian functions and compares the

measured values are compared to their laboratory values to calculate velocities. The second

and third methods use cross correlation. The second cross correlates the data against 9

standard spectra that showed good matches to their literature velocities from K I lines, and

the third correlates velocities with spectroscopic models.

3.5.1 Velocities From K I Lines

The K I lines are some of the most prominent features in the J band spectra of L dwarfs.

While they are subject to some pressure broadening, they are suitable for a first look at the

velocities that can be measured from TripleSpec data. To find the centers of the K I lines,

we use the IDL “mpfitfun” procedure with a custom input gaussian function that includes

a linear component to fit the surrounding continuum. Figure 3.12 shows the velocities

measured from the line centers as a function of the velocities measured from the literature.

The first look at the velocities measured from the K I lines shows that they do not fall

on (or indeed, necessarily near) the line of equality with literature values. One possibility

is that the velocities which are poor matches with literature values are subject to some

systematic effect based on their properties (e..g, brightness, spectral type) or observations

(e.g., airmass, sky conditions). To compare velocities which seem to be good with those

that are poor, we define an object whose velocity is a “good match” as one that meets three

criteria:

• abs(vmeas − vlit) ≤ 20 km s−1

• abs(vmeas−vlit)√
σ2
meas+σ

2
lit

≤ 1

• σmeas ≤ 40 km s −1

Where vmeas is the mean line center radial velocity measured from TripleSpec, vlit is the

radial velocity from literature, and σmeas is the uncertainty in the TripleSpec velocity based

on the range of values measured from each of the lines, and σlit is the quoted uncertainty

on the literature values. This set of criteria was designed to require both relatively good
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Figure 3.12 Radial velocities from literature as a function of velocities measured from a
gaussian fit to the K I lines. A one to one correspondence line is shown (blue dashed) in
addition to a line showing a 20 km s−1 offset from equality (green dashed). Objects meeting
the criteria for “good match” are shown in red. For velocities determined from the K I line
maxima, 17 of the 52 velocity standards are classified as a “good match.”
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agreement and reasonable uncertainties. Applying these criteria to the velocities measured

using the K I lines measured from gaussian fits, 17 of the 52 standards are a “good match.”

Figure 3.13 shows “good match” objects distinguished from the poor match objects in

terms of J magnitude, spectra S/N per pixel in the J band, K I EW, spectral type, air

temperature minus dewpoint (a proxy for humidity), sky conditions, airmass, and date of

observation. There is little evidence of any correlation between any of those properties and

the chance of measuring a good (or poor) velocity. The one notable exception is the lack of

good velocities for the brightest objects (J<12.5). When combined with the failure of the

code to determine tilts for objects with shorter exposure times, this indicates that fainter

sky lines can interfere with the reduction pipeline. While this problem must be addressed,

it is not likely the only problem, as many longer exposure objects fail as well.

The lack of correlation between good matches and any specific property indicates that

there is no one sure way of separating data which will produce good radial velocities from

data which will not. This could, however, be an issue with the radial velocity measurement

itself; these results should be confirmed with cross-correlation.

3.5.2 Velocities From Cross Correlation

Velocities measured from cross correlation are often more reliable that velocities measured

by lines centers due to the ability to use a larger range of the spectrum, which could

include both molecular bands and atomic lines. Before measuring radial velocities from

cross correlation of data with templates and models, I first test the effect of S/N on the

cross correlation method and examine spectra for the ideal cross-correlation range.

Testing the Effect of S/N Using Models

To test the quality of cross correlation in spectra with poor S/N, I cross correlate a model

spectrum (1700K AMES Dusty model; Allard et al. 2001) with that same model spectrum

plus a noise array. To quantify the effects of random noise, I ran 1000 iterations with

each noise level, then took the mean and standard deviation. The mean and standard

deviation for each generated S/N are shown in Figure 3.14. For S/N < 3, the resulting
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Figure 3.13 Good match objects compared to poorer match objects in terms of J magnitude
as a function of S/N in the J band region (top left), average K I line EW as a function
of spectral type (top right), air temperature minus dewpoint as a function of cloud cover
(bottom left), and airmass as a function of night of observation (bottom right). In each
panel, the “good match” objects as measured with a gaussian fit to the K I lines are shown
in red. In the bottom two panels, the number of good objects in each bin is given in red,
while the total number of objects in each bin is in black.
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Figure 3.14 The velocity measured from cross-correlating a model spectrum with the same
model spectrum with noise added. The velocities were measured from 1000 trials adding
the same magnitude of random noise to the spectrum; the mean is shown with associated
standard deviations. Zero velocity is shown (red dashed line) in addition to ±5 km s−1

(blue dotted line).

measured velocities have standard deviations over 10 km s−1, indicating the S/N is too low

for accurate measurement of radial velocities. The standard deviation continues to decline,

reaching 5 km s−1 at S/N =10. Spectra with S/N >10 are of sufficient quality for radial

velocity measurement (with 3σ uncertainties < 15 km s−1), while those with 3<S/N<10

are likely sufficient, but with larger uncertainties.

Selecting a Cross Correlation Region From Data

For cross correlation templates, I selected 9 spectra spanning the entire range of spectral

types which were classified as “good match” using K I line velocity technique. Velocities

were measured from cross correlation of the object spectrum to each of the 9 templates, and

a final velocity was calculated from a sigma clipped median of those 9 values.

To determine the best spectral range to measure velocities, I performed cross correlation
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Table 3.4. Wavelength Regions for Cross Correlation

Range (microns) v diff (km s−1)

1.15 - 1.25 26.1

1.2 - 1.3 26.9

1.25 - 1.35 29.9

1.3 - 1.4 29.2

1.175 - 1.197 31.9

1.247 - 1.275 30.5

on 6 different regions of the J band and compared the median difference between the result-

ing velocities and the velocities from literature for each region. Four regions were selected

to span the J band, and the final 2 were selected to avoid OH lines. Table 3.4 shows the

results for each range; I selected 1.15 to 1.25 microns for cross correlation.

3.5.3 Cross Correlation of Data With Data

For the first attempt at cross correlation, I used the 9 spectra from the previous section as

templates and cross correlated each spectrum with all 9 templates in the 1.15 to 1.25 micron

range of the spectrum. The cross correlation functions were each examined, and functions

without strong minima were rejected. The typical width of the cross correlation function

had a FWHM ∼ 4 pixels, corresponding to roughly 120 km s−1. The median velocity was

adopted and the uncertainties were the standard deviation of the 9 or less (if some were

rejected due to poor cross-correlation functions) measurements.

Figure 3.15 compares the velocity results from cross correlation of the TripleSpec spectra

to radial velocities from literature. There are 20 “good match” objects out of a total of 52

standards, 17 of which overlap with those measured using K I lines. Figure 3.16 compares the

“good match” objects to the poorer match in terms of observational and object properties.

The velocities show the same patterns (or lack thereof) as those measured with K I line

centers. These results further confirm that there may be some underlying issues with the
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Figure 3.15 Same as Figure 3.12 but for velocities measured from cross correlation from 1.15
to 1.25 microns. For this velocity measuring method, 20 of the 52 standard observations
are classified as a good velocity match.

data or reductions which are not well correlated with the observational properties.

3.5.4 Velocities From Cross-Correlation of Data With Models

Spectroscopic models have two distinct advantages over data; they are set at zero velocity,

and they are not subject to telluric emission and absorption. The final set of tests on the

wavelength fidelity were run by cross-correlation of AMES Dusty models (Allard et al. 2001)

with the TripleSpec data. Models were selected for each object based on their Teff and the

spectral subtype of the L dwarf. Again, cross correlation functions were examined and those

without strong minima were rejected. The velocities were assigned uncertainties based on

the simulation data shown in Figure 3.14 and their S/N.

I tested both the 1.15 to 1.25 micron region and a K band region from 2.3 to 2.4 microns.
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Figure 3.16 Same as Figure 3.13 but with “good objects” from velocities measured with
cross correlation from 1.15 to 1.25 microns.
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Figure 3.17 Radial velocities measured from a cross correlation of TripleSepc data and spec-
troscopic models between 1.15 and 1.25 microns. A line of equality is shown for reference.

The K band has been avoided in previous sections due to relatively poor sky subtraction.

This effect should be less important when cross-correlation is performed with models, which

have no sky emission or absorption. Figure 3.17 shows the velocities measured from cross

correlation in the 1.15 to 1.25 region and Figure 3.18 shows velocities from the 2.3 to 2.4

micron region.

The results from cross-correlation with model spectra show no better matches than the

previous results. Due to lower assigned uncertainties, only 4 observations meet the strict

“good match” criteria defined above, but approximately 20 fall within 20 km s−1 of the

literature values. It seems that either some spectra were reduced and wavelength calibrated

properly and others weren’t, or none were properly calibrated and there are no more matches

beyond those resulting from random scatter. The failure to measure radial velocities points
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Figure 3.18 Radial velocities measured from a cross correlation of TripleSepc data and
spectroscopic models between 2.3 and 3.4 microns. A line of equality is shown for reference.
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to an issue with wavelength fidelity in the reduced data, an issue that needs to be addressed

in detail in future work.

3.6 Summary

While there have been important advances in kinematics already from the BDKP, radial

velocities are necessary for analysis of the complete space motions of the late-M, L, and

T dwarfs within 20pc. So far, the current data set and attempted methods at reduction

using a variety of software have not yielded radial velocities of sufficient quality for the 20pc

sample of L dwarfs.

The different reduction packages suffered from at least one of three problems: (a) an

assumption that pixel = wavelength across the aperture, resulting in a smoothing of up

to 1/2 pixel (b) a difficulty in a simultaneous fit to the tilts and curvature across every

order or (c) a poor wavelength solution. The first problem has been well solved by both the

NIRSPEC reduction routines and the Firehose pipeline, which give them an advantage over

other pipelines. The second may be mitigated by using co-added sky images to produce

brighter sky lines in short exposures, but neither code produces perfect solution for objects

with brighter sky lines so that may not entirely solve the problem. The second and third

issues are also likely related; the full wavelength solution relies on extrapolating a one-

dimensional fit into two dimensions, fitting a curvature and a tilt which are also poorly fit

during sky subtraction.

This chapter described attempts to tweak polynomial fits and B-spline parameters to fit

the data, all of which were unsuccessful. The next planned avenues for investigation are a

careful re-examination of the wavelength solution in Firehose, an implementation of a sky

co-add between multiple exposures of the same target, and an attempt to reduce spectra in

sub-images, which would require fitting tilts and curves over a smaller range of each order.

With the proper reduction of the TripleSpec data, I can then begin a thorough analysis of

the three-dimensional kinematics of the 20pc sample of L dwarfs. While those reductions

progress, I can begin examining the J band spectral features (e.g., K I line EW) of this

large sample of L dwarfs.
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Chapter 4

COLORS AND KINEMATICS OF ULTRACOOL DWARFS

Upon the completion of Chapter 2, my collaborators and I identified a need for additional

data to investigate the kinematics of both late-M and late-L dwarfs for comparison to the

SDSS sample of mostly early-L dwarfs. Due to the faint magnitudes of late-L dwarfs,

additional velocities can only be measured through targeted observing programs like the

one described in Chapter 3, but the multi-fiber spectrograph of SDSS is well suited to

obtain large numbers of spectra for the brighter late-M dwarfs.

In late 2008, the SDSS-III Baryon Oscillation Sky Survey (BOSS) project put out a

call for ancillary proposals to fill spare spectroscopic fibers during their survey observations

(spanning 2009-2015). I submitted a proposal (in collaboration with S. Hawley, J. Bochan-

ski, and A. West) to obtain 10,000 spectra of late-M and L dwarf candidates, with the goal

of targeting every L dwarf within the SDSS footprint and increasing the number of late-M

dwarfs with SDSS spectra.

This chapter introduces the BOSS Ultracool Dwarfs (BUD) sample, which greatly ex-

pands on the previous SDSS late-M and L dwarf samples by including new objects discovered

in the first half of BOSS observations (with all data taken before 15 March 2012) as well

as photometry from the Wide-Field Infrared Survey Explorer (WISE; Wright et al. 2010)

all-sky release (made available on 14 March 2012). In this chapter I will discuss sample

selection, characterize colors, and examine initial kinematic results.

4.1 Introduction

The combination of photometry and spectroscopy from the seventh data release (DR7;

Abazajian et al. 2009) of the Sloan Digital Sky Survey (SDSS; York et al. 2000) has been

an essential resource for cool and ultracool dwarfs (Schmidt et al. 2010b,a; Bochanski et al.

2011; West et al. 2011). This chapter expands upon those results with the inclusion of
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data selected from the Baryon Oscillation Sky Survey (BOSS; Ross et al. 2011); these data

combine serendipitous ultracool dwarfs targeted by the main survey with those selected as

part of our ancillary program. The combined BOSS Ultracool Dwarf (BUD) sample includes

late-M and L dwarfs from both DR7 and BOSS and represents the largest spectroscopic

sample of M7 and later dwarfs yet assembled. This Chapter discusses the selection, colors,

and kinematics of the BUD data.

A well-defined color locus for ultracool dwarfs is essential to the selection and classi-

fication of these objects (e.g., Chapter 2). Color-spectral type relations can also be used

to provide an initial spectral type estimate, indicating useful targets for further follow-up

observations (e.g., Zhang et al. 2009; Castro & Gizis 2012). While the combination of SDSS

and 2MASS colors provides a broad color space to examine late-M and L dwarfs, the recent

release of all-sky data from the Wide-Field Infrared Sky Explorer (WISE; Wright et al.

2010) has expanded the available color space for ultracool dwarfs. Other initial efforts to

examine WISE colors have focused on earlier-type main sequence stars (Davenport 2012, in

prep.) or cooler brown dwarfs (Kirkpatrick et al. 2011), so the BUD sample fills important

gaps in WISE color sequences.

SDSS data have already proven a useful resource for the kinematics of M dwarfs. Using

data from SDSS DR5 (Adelman-McCarthy et al. 2007), Bochanski et al. (2007a) investigated

the kinematics of M dwarfs as a tracer for galactic structure. The means and dispersions of

the M dwarf velocities were in broad agreement with most predictions of Galactic models

(e.g., Robin et al. 2003), but the models failed to produce sufficiently large σW . The

velocities of M dwarfs have also been useful for investigating correlations between activity,

metallicity and age (e.g., West et al. 2004, 2006, 2008). In Chapter 2, we first examined the

kinematics of L dwarfs from SDSS, finding first evidence for a hot (thick) disk kinematic

component in the local population of L dwarfs. But comparing L dwarfs with the more

massive late-M dwarfs has proven difficult due to the small fraction of proper motions

available for late-M dwarfs in the Munn et al. (2004) catalog, which was used in previous

SDSS M dwarf studies. By calculating new proper motions from SDSS–2MASS–WISE

positions for known M dwarfs, we increase the number of late-M dwarfs with UVW velocities

by an order of magnitude.
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In Section 4.2, I discuss the selection of our sample and properties measured from

the spectra. Section 4.3 describes the selection of photometry and Section 4.4 shows

SDSS/2MASS/WISE colors for late-M and early-L dwarfs. The kinematics are discussed in

Sections 4.5 and 4.6.

4.2 Sample Selection and Spectra

The BOSS Ultracool Dwarf (BUD) sample is the combination of data from three different

components of SDSS: M7-M9 dwarfs selected from the DR7 M dwarf sample described by

West et al. (2011, hereafter W11), L dwarfs from the DR7 L dwarf sample described by

Schmidt et al. (2010b, hereafter S10), and late-M and L dwarfs selected from BOSS data.

This section describes the spectroscopic data included from each sample.

4.2.1 Late-M Dwarfs From DR7

The largest component of our sample is a subset of the M dwarfs selected from the seventh

data release (DR7) of SDSS. The main selection criteria were a color cut (r − i > 0.42 and

i − z > 0.24) and a signal-to-noise cut (S/N >3 at ∼8300Å). Over 100,000 spectra were

assigned types by eye, resulting in 70,841 M dwarfs. From the W11 sample, we selected M7-

M9 dwarfs which were not flagged as white-dwarf-M-dwarf pairs, resulting in 8971 late-M

dwarfs.

We adopted spectral types, radial velocities, and Hα equivalent widths (EW) directly

from the values measured in W11. The radial velocities were not assigned uncertainties, so

(following W11) we adopt a characteristic uncertainty of 7 km s−1 for the measured radial

velocities (Bochanski et al. 2007a). While the uncertainty is likely a function of spectral

S/N, that issue was not addressed in W11 so we regard 7 km s−1 as a reasonable lower limit.

We did not directly adopt the photometry (or the photometric distances) from the W11

catalog. Instead we re-queried the SDSS and 2MASS catalogs to insure the entire BUD

sample photometry contained uniform flag and uncertainty cuts. We also did not adopt

the proper motions which were obtained via a cross-match to the USNO-B/SDSS catalog

(available for 1127 of the 8971 late-M dwarfs; Munn et al. 2004), but use them to check our

updated proper motions in Section 4.5.2.
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4.2.2 L Dwarfs From DR7

Our sample also includes the 484 L dwarfs from S10, discussed in Chapter 2. Briefly, they

were selected by requiring a single color cut of i−z > 1.4 and sufficient S/N to assign a type

by eye (no specific S/N cut was made; spectra that were too noisy to match spectral template

were rejected). We adopt the spectra types, Hα EW, and radial velocities measured by S10

for that sample. We also measured a S/N at ∼8000Å to identify a subsample of 128 dwarfs

which would meet the criteria for the selection of the DR7 M dwarfs. Again, we did not

adopt the photometry, distances, or proper motions of the S10 sample.

4.2.3 Color Selection of the BOSS Ancillary Targets

Our 10,000 fibers were assigned with different densities in two different regions of the sky.

In Stripe82, a 270 deg2 region of the sky pointed towards the south galactic pole, we were

awarded ∼4 fibers per plate. in the rest of the legacy footprint (∼2,500deg2 towards the

northern galactic pole), we were awarded ∼1 fiber per plate. The primary goal of our target

selection was to obtain spectra for every L dwarf candidate in the SDSS footprint. Our

selection criterion was based on the properties of the W11 and S10 samples.

In the S10 sample, we found 97.5% of the L dwarfs had matches with good quality

2MASS photometry, so we began our target selection with a list of objects with SDSS

colors of i−z > 1.0 cross-matched within 5” of 2MASS sources. The first cuts selected were

in i − J and z − J ; those cuts excluded objects which fell far off the late-M and L dwarf

color locus (see, e.g., Figures 2.2 and 2.4). The limiting i magnitudes were selected based

on the estimates of S/N∼5 per pixel for i = 21 (Eisenstein et al. 2011). These magnitude

limits (i < 21 for Stripe 82 and i < 20.5 for the remaining SDSS footprint) include early L

dwarfs out to ∼100pc, and late-L dwarfs out to ∼15pc (see Figure 4.5 for the final distance

distribution).

The i− z color cut for the main SDSS footprint was selected to include all L dwarfs; it

is located four standard deviations bluer than the L0 dwarf median color at i − z = 1.85

(S10). A bluer limit was placed on the Stripe 82 dwarfs, in part to test the color criteria

for the main survey, and in part to include a significant portion of M8 and M9 dwarfs. The
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Table 4.1. Cuts Made For Ancillary Target List

Color/Magnitude Stripe82 cut rest of SDSS cut

i− z > 1.14 > 1.14

i < 21 < 20.5

i− J > 3.7 > 3.7

z − J 1.9 < z − J < 4 1.9 < z − J < 4

color criteria are summarized in Table 4.1.

Hess diagrams of the BOSS sample compared to the DR7 sample are shown in Figure 4.1.

While the above selection criteria do affect the color distribution of our final sample, the

DR7 sample has even stronger selection effects due to the color criteria for choosing quasars

in that sample.

4.2.4 Selecting Ultracool Dwarfs From BOSS Data

The selection of ultracool dwarfs from BOSS is intended to expand the already existing

DR7 samples of late-M and L dwarfs (discussed in Sections 4.2.1 and 4.2.2), resulting in

a combination of the two sets of criteria for both M and L dwarfs. To include the largest

possible sample, I selected BOSS spectra without any reference to their inclusion in my

ancillary program. The targets either meet the criteria for M dwarfs (r − i > 0.42 and

i − z > 0.24) or L dwarfs (i − z > 1.4). These color criteria resulted in a total of 27,967

candidates in all plates observed as of 14 March 2012.

I spectral typed each object by eye using the Hammer spectral typing software (Covey

et al. 2007). Of the initial list, 23,377 were identified as M or L dwarfs (the rejected

4,590 objects include spectra too noisy to type, A-K stars, easily identified binaries, and

extragalactic sources). The sample of M7 and later dwarfs includes a total of 3735 objects

. No objects were excluded when a color cut was applied to exclude white-dwarf-M-dwarf

binaries (Smolčić et al. 2004). For the M7-M9 dwarfs, I performed a cut to include only

spectra with S/N>3 at ∼8000Å, excluding 334 dwarfs for a total of 2540 M7-M9 dwarfs. I

include all 188 L dwarfs, 47 of which are flagged as having S/N< 3.
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Figure 4.1 Hess diagrams for the DR7 M and L dwarf samples (from W11 and S10; left)
and the BOSS sample (right). The blue limit of the DR7 sample reflects the spectral type
cut at M7, while the color and magnitude cuts represent the criteria applied to select low
and high redshift quasars (Schneider et al. 2010). The artifacts at i − z = 1.14 and i − z
= 1.44 are due to the color cuts applied to the S82 and the remainder of the legacy survey,
respectively (see Section 4.2.3).

4.2.5 Radial Velocities and Spectral Features

Radial velocities for each of the 2,638 BOSS ultracool dwarfs were measured from cross-

correlation of each spectrum to a spectroscopic template of the same spectral type from

Bochanski et al. (2007b) or Schmidt (2012, in prep.). Each cross-correlation function was

examined and those without well-defined minima or showing strong asymmetries were ex-

cluded. Uncertainties were assigned based on the range of radial velocities measured from

a cross-correlation with templates ±1 spectral type. Measurements with radial velocity

uncertainties of greater than 20 km s−1 were also excluded, resulting in 2,463 objects with

measured radial velocities.

Each spectrum with a measured velocity was shifted to zero radial velocity before mea-

suring the Hα EW using the routine included in the HAMMER spectral typing suite (Covey

et al. 2007).
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Figure 4.2 Number of dwarfs as a function of spectral type. The entire spectroscopic sample
is shown (black solid line) in addition to the number of dwarfs with good photometry in
each of the SDSS, 2MASS, and WISE bands (detailed in legend).

4.3 BUD Data from SDSS, 2MASS, and WISE

The combination of the three samples discussed in Section 4.2 resulted in a total of 12,085

ultracool dwarfs included in the BUD sample. Its spectral type distribution is shown in

Figure 4.2. Similar to the L dwarf sample in Chapter 2, a larger number of dwarfs with

earlier spectral types are included due to their greater intrinsic luminosities and larger

densities (e.g., Cruz et al. 2007). The entire sample has only 29 dwarfs with spectral types

L4-L8, so the majority of the analysis is based on M7-L3 dwarfs.

4.3.1 SDSS Photometry

While the S10 and W11 samples already include SDSS photometry, we retrieved photometry

for the entire combined sample from the DR7 database to obtain a sample with consistent

flag cuts and sufficient information to use SDSS positions to calculate proper motions. Our
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Table 4.2. Flag Cuts on SDSS Photometry

Flag excluded in i excluded in z

SATURATED 2 0

BAD COUNTS ERROR 0 0

INTERP CENTER 29 55

PSF FLUX INTERP 28 39

NODEBLEND 901 901

1The NODEBLEND flag was set in both i and z for all 90

objects.

photometry was retrieved based on an RA, decl. match within 0’.11 of the coordinates

associated with the spectroscopic observations2. We excluded objects with the SATU-

RATED, BAD COUNTS ERROR, INTERP CENTER, PSF FLUX INTERP, or NODE-

BLEND flags set in either the i or the z band. Table 4.2 gives a brief summary of the

number of objects excluded in each flag cut. A total of 226 objects were excluded (due

to interpolation around bad pixels or poor deblending affecting the quality of photometry)

resulting in 11,859 dwarfs with SDSS photometry.

The photometry has not been corrected for extinction due to the proximity of the BOSS

ultracool dwarfs to the Sun; the median galactic height of the BUD sample is 100pc. The ex-

tinction corrections typically used by SDSS are calculated for extragalactic objects (Schlegel

et al. 1998). The scale height of the dust disk has been measured at 120 to 150pc (Kalberla

& Kerp 2009; Jones et al. 2011), but local dust data suggests that the Sun is located in

a bubble with a radius of 150pc and a dust density at 40% of normal values (Jones et al.

2011). Based on the complex local structure of dust, it is likely that extinction corrections

would artificially de-redden the majority of the BUD sample.

1SDSS spectra have a guaranteed best match in the photometric database, so the matching radius is not
important.

2specobjID was not available for the BOSS spectra, which are still in a pre-public release platefile format
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4.3.2 2MASS Photometry

We obtained photometry from 2MASS based on a match to the closest source within 5”

of the SDSS coordinates, which returned a total of 11,444 matches. The 641 dwarfs which

did not match 2MASS sources were significantly fainter than the sources which returned

matches; the reason for mismatches is likely due to the faint magnitude limit of 2MASS.

Flag cuts were performed on each band individually (instead of cutting all three bands if

one was poor) to include the largest possible sample of good photometry; we required rd flg

= 2, cc flg=0, and ph qual=ABCD for each magnitude. The number and spectral type

distribution of sources with photometry that passed quality cuts in each band is shown in

Figure 4.2.

4.3.3 WISE Photometry

WISE photometry for each dwarf is based on a match to the closest source within 5” of

the SDSS coordinates. We included only WISE matches with ext flg 6= 2 and nb = 1 to

minimize the effects of blending on WISE coordinates, producing a total of 11,756 matches.

The 341 dwarfs not found in WISE photometry have no clear bias in color or magnitude. A

by-eye review of SDSS images shows that objects not found in WISE are more likely to have

an additional point sources within ∼5-10”. The lack of matches could be due to blending

effects from the larger psf of WISE photometry (6”; Wright et al. 2010)

As a check on our matching, we compared the 2MASS magnitudes associated with

WISE to those from our 2MASS cross-match. All but seven sources (0.05% of the total)

had identical magnitudes in both our selected samples. Those seven dwarfs appear to be

mismatches between the two datasets. No effort was made to remove them in either set of

data, instead we use them to estimate an overall mismatch rate of <0.1%.

We again made cuts on each band of photometry individually, requiring cc flg = 0,

ph qual=ABC, and a real (not null) uncertainty. The numbers and spectral type distri-

bution of each band are shown in Figure 4.2. The number of sources with W1 and W2

photometry is comparable to the number of 2MASS sources with photometry, but there are

only a few matches for late-L dwarfs and only a small fraction of sources that have good W3
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(17%) and W4 (4%) photometry. The lack of WISE photometry for these sources is due to

the survey depth, which has brighter limits compared to the 2MASS and SDSS photometry

for these objects (e.g., Wright et al. 2010).

Due to the orbital pattern of the WISE satellite, the number of exposures on each region

of the sky varied from 1 to 3000. The current all-sky release does not include the time-

variable data from each of these exposures, but instead includes a variable flag in each

band. The values include “n” (not enough exposures to detect variability) and 0-9, with 0-5

showing little or no variability, 6-9 indicating the source is increasingly likely to be variable

(6 and 7 are prone to false positives). Seven of our dwarfs were flagged 6-9 in the W1 or

W2 bands (none were flagged in W3 or W4). Variability data are shown in Table 4.3.

4.4 Colors

4.4.1 Color Trends With Spectral Type

Median colors as a function of spectral type are given in Table 4.4 and shown in Figure 4.3.

In addition to the flag cuts described in Section 4.3, I applied additional cuts on the uncer-

tainties of each band to ensure good quality median colors (σi = 0.04, σz = 0.05, σJ = 0.15,

σH = 0.19, σK = 0.22, σW1 = 0.05, σW2 = 0.1, σW3 = 0.2, σW4 = 0.4). For most colors,

these uncertainty cuts were selected to exclude the low quality tail of the uncertainty distri-

bution. A large number of objects had W3 photometry with relatively large uncertainties.

To select the cut for W3, I iteratively increased the uncertainty limit until the W2−W3

median colors remained constant.

The SDSS/2MASS colors show good agreement with the colors given in W11 and S10,

but the larger sample size has resulted in larger dispersions in many colors. The i−z color is

a strong function of spectral type for both late-M and mid-L dwarfs, but remains essentially

constant for L0-L3 dwarfs. The dispersion in i− z at each spectral type is relatively small

(σ = 0.11 to 0.16; two to three times the typical uncertainties), indicating that it is a useful

color in distinguishing late-M dwarfs from mid-L dwarfs. The z−J color strongly increases

with spectral type for M7-L2 dwarfs, showing a weaker rise for late-L dwarfs. The J −H

and H−KS colors show similar patterns, but with smaller changes relative to the dispersion
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Figure 4.3 Median colors as a function of spectral type. In each panel, individual objects
are shown (small dark grey circles) in addition to the median (large light grey circles) and
standard deviations (black bars). The median and standard deviation values are given in
Table 4.4 and each panel is discussed in Section 4.4.1
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at each spectral type.

The KS−W1 color shows a slight increase with spectral type until L3, where the in-

crease becomes more dramatic, showing a similar pattern to the KS−W2 color favored by

Kirkpatrick et al. (2011) to distinguish L and T dwarfs. The W1−W2 color shows a slight

increase with spectral type and a relatively large amount of scatter. For late-M and early-L

dwarfs, W1−W2 color does not sample a portion of the spectral energy distribution which

is sensitive to changes in Teff. The W1−W2 also shows less scatter in each spectral type

(∼0.08) than the other colors, indicating that it is also not strongly affected by metallicity

or clouds.

The W2−W3 color shows a slight increase with an extremely large scatter. While the

values are comparable to the end of the Davenport (2012, in prep.) locus and the M

dwarfs shown in Kirkpatrick et al. (2011), the color dispersions are likely not representative

of the true color dispersion due to the sharp cut off in color at W2−W3∼0. There are

also a relatively large number of late-M dwarfs with W2−W3>1. These color outliers are

unremarkable in other colors and also have velocity dispersions consistent with values for

the rest of the late-M dwarf sample. Much of the BUD photometry in W3 is near the

detectability limits of WISE, which may be the primary difficulty in determining WISE

colors.

The uncertainty cuts necessary to remove bad photometry leave only a few dwarfs with

W3−W4 colors, which are shown in Figure 4.3 but not included in Table 4.4 due to their

small numbers. The W2−W3 and W3−W4 colors of late-M dwarfs should be investigated

in more detail using a nearby sample of stars (e.g., PMSU; Hawley et al. 1996).

4.4.2 SDSS–2MASS–WISE Ultracool Dwarf Locus

The SDSS–2MASS stellar locus, defined by Covey et al. (2007), has proven important both

in identifying the colors of main sequence stars and in identifying peculiar or non-stellar

objects due to their distances from the colors defined in the locus. Davenport (2012, in

prep.) is in the process of expanding the stellar locus defined in Covey et al. (2007) to cover

the entire SDSS–2MASS–WISE color space. Because the color locus is defined in terms
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of g − i color, ultracool dwarfs (which are typically too faint to be detected in g) are not

included in the stellar locus.

We measured the ultracool dwarf locus from the BUD sample in steps of δ(i− J) = 0.1,

and applying the the uncertainty cuts described in Section 4.4.1 to each color. The number

of objects in each δ(i− J) bin varies, ranging from 100-1000 per bin for the i− z and z− J

colors to ∼10 per bin for the W2 −W3 color. The ultracool dwarf locus for 7 adjacent

colors (from i − z to W2 −W3) is given in Table 4.5. The ultracool dwarf locus is shown

compared to the stellar locus in six of the seven colors (excluding H −K) in Figure 4.4.

While both the i− z and z−J colors vary strongly over the range of i−J color covered

by the BUD sample, their variation in the redder colors is much weaker. In J − H color,

ultracool dwarfs have the same colors as stars with i − J ∼ 1.5, and in Ks − W1 and

W1 −W2 colors there is essentially no variation in color for ultracool dwarfs bluer than

i − J = 3.7. Beyond i − J = 4, the KS −W1 color shows a strong upturn, but with large

dispersion.

The color relationships from Figure 4.3 and 4.4 show that there is no one color that

is ideal for assigning spectral type across the M7-L6 range. The i − z color is strongly

dependent on spectral type from M7-L0, but remains constant for early-L dwarfs. The

z − J color shows a stronger dependence on spectral type from M7-L4, but then saturates

for mid-L dwarfs. While the J −H and H −KS colors also show an increase with spectral

type, they often depend more strongly on clouds than on Teff (e.g., Burgasser et al. 2008;

Cruz et al. 2009) so are not ideal for spectral typing. For L5 and later dwarfs, 2MASS-

WISE colors are better discriminants of spectral type (here KS−W1, but also J−W1 and

KS−W2; Kirkpatrick et al. 2011).

4.5 Proper Motions and Distances

4.5.1 Distances

There is currently no photometric distance relation that spans the entire range of M7 to L8

dwarf in SDSS colors. For the ultracool dwarfs with bluer i− z colors (1.0 < i− z < 1.8), I

calculated distances based on the Mr, (i− z) relation from Bochanski et al. (2011, requiring
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Figure 4.4 Values for the color locus defined in term of i−J color. In each panel, the stellar
locus from Davenport (2012, in prep.) is shown (blue points) in addition to the density of
BUD stars (greyscale pixels) and the mean and dispersion of the ultracool dwarf locus (red
points).
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σ < 0.5 in r, i, and z). For the ultracool dwarfs with redder i− z colors (1.8 ≥ i− z < 3.2),

I used the Mi, (i − z) relation from S10 (requiring σ < 0.5 in i, and z). Only 565 dwarfs

failed to meet one of these two criteria, resulting in distances for 11,510 dwarfs.

Figure 4.5 shows the distribution of distances as a function of spectral type, emphasizing

the differences in distance between the earlier and later spectral types of our sample. The

changing limits in distance are caused both by the magnitude limits which are an artifact

of target selection, shown in Figure 4.1, and the required flux to assign a spectral type. As

a result, the median distances of the M7-M9 dwarfs fall at or outside 100pc, the median

distances of early-L dwarfs are closer to ∼50pc, and the mid-to late-L dwarfs are mostly

within 30pc.

While the majority of the dwarfs found in SDSS are at the largest distances permitted

by the effective magnitude limits, some nearby dwarfs are also detected in the BUD sample.

Because many different efforts are focused on understanding the solar neighborhood, (e.g.,

RECONS; Henry et al. 2006), in Table 4.6 we list 24 ultracool dwarfs within 30pc that

are new to the SDSS sample. Nine of them (including three L dwarfs) are entirely new

detections, and six (including two L dwarfs) are the first spectroscopic confirmation of

ultracool dwarf candidates selected from proper motions and photometry.

4.5.2 Proper Motions

One of the largest advantages of selecting data from three different photometric surveys is

the ability to measure positions in at least three epochs, which greatly increases the fidelity

of the proper motion measurements. The combination of SDSS, 2MASS, and WISE is

especially advantageous due to the dates of observation, shown in Figure 4.6. The 2MASS

and WISE data are separated by 9-13 years, and the SDSS data often add an epoch between

the two. Of our total sample of 12085 objects, 11010 had photometry in all three bands,

while another 962 objects had two epochs. Only 113 dwarfs had matches in one or no

photometric database.

The WISE data are based on a series of exposures taken over the course of a year and

a half. In the main all-sky catalog, these observations are averaged into a single set of
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Figure 4.5 Number of objects as a function of distance for M7 to L8 dwarfs. The median
distance is shown (red dashed line) over each histogram. The median distance shows a
dramatic decrease from M7 to L8, showing that different median distances are being sampled
at each spectral type. The maximum distance shown is 300pc; 79 M7, 12 M8, and 1 M9 are
farther than 300pc and not shown.
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Table 4.6. BOSS Ultracool Dwarfs Within 30pc

Name RA decl. ST distance i− z J −K ref.

081110.3+185527.9 08 11 10.3 +18 55 27.9 L1 24.5±0.3 1.89±0.02 1.29±0.04 new

081945.9+165853.6 08 19 45.9 +16 58 53.6 M9 16.0±0.2 1.90±0.03 1.17±0.03 1

083523.6+102931.0 08 35 23.6 +10 29 31.0 M9 25.1±0.3 1.66±0.02 1.09±0.03 2

083557.3+431831.1 08 35 57.3 +43 18 31.1 M8 25.8±0.4 1.50±0.02 1.08±0.03 2

084457.3+120825.4 08 44 57.3 +12 08 25.4 M9 27.5±0.5 1.91±0.03 1.23±0.06 new

084900.5+022015.5 08 49 00.5 +02 20 15.5 M8 22.8±0.2 1.50±0.02 1.03±0.03 new

095246.2+062041.0 09 52 46.2 +06 20 41.0 M81 19.1±0.3 1.54±0.02 0.99±0.03 3

105145.1+071732.4 10 51 45.1 +07 17 32.4 M8 28.4±0.7 1.54±0.04 1.02±0.03 new

112301.2+040041.1 11 23 01.2 +04 00 41.1 M8 22.4±0.2 1.75±0.02 1.03±0.04 new

112329.3+015404.0 11 23 29.3 +01 54 04.0 M71 17.0±0.3 1.53±0.03 1.01±0.04 3

113911.0+084112.0 11 39 11.0 +08 41 12.0 M8 23.8±0.4 1.71±0.03 1.09±0.03 2

114247.1-003021.7 11 42 47.1 −00 30 21.7 M81 28.4±0.4 1.55±0.02 1.01±0.04 4

115833.4+395306.4 11 58 33.4 +39 53 06.4 M81 24.9±0.7 1.51±0.04 1.01±0.03 3

131142.1+362923.9 13 11 42.1 +36 29 23.9 L61 22.5±0.6 2.19±0.05 1.40±0.07 5

140222.3+064847.9 14 02 22.3 +06 48 47.9 M8 20.1±0.3 1.85±0.02 1.21±0.03 2

153453.3+121949.4 15 34 53.3 +12 19 49.4 L6 17.6±0.4 2.29±0.05 1.51±0.06 6

154455.1+330145.2 15 44 55.1 +33 01 45.2 L61 21.5±0.5 2.21±0.06 1.61±0.07 5

155526.5+095413.4 15 55 26.5 +09 54 13.4 M8 20.1±3.6 2.57±0.46 0.73±0.03 new

155732.8+175238.2 15 57 32.8 +17 52 38.2 M8 29.5±0.4 1.63±0.02 1.06±0.03 7

160312.7+263029.0 16 03 12.7 +26 30 29.0 M7 24.6±0.3 1.49±0.02 0.92±0.03 new

161345.5+170827.4 16 13 45.5 +17 08 27.4 M9 29.5±0.3 1.75±0.02 1.28±0.03 7

163256.1+350507.3 16 32 56.1 +35 05 07.3 L1 23.6±0.3 1.93±0.03 1.35±0.04 new

165950.9+351508.0 16 59 50.9 +35 15 08.0 L0 20.1±0.6 1.95±0.06 1.23±0.04 new

234539.0+005513.4 23 45 39.0 +00 55 13.4 M9 22.6±0.4 1.82±0.03 1.19±0.04 2

References. — (1) Cruz et al. (2003); (2) Reid et al. (2008); (3) Lepine 2005 AJ 129,1483; (4) Liebert

2006 PASP 118, 659; (5) Zheng 2009 A&A 497, 619; (6) Chiu et al. (2006); (7) Cruz et al. (2007)

1Reference provided only a list of photometric candidates, these data are the first spectroscopic con-

firmation.
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Figure 4.6 The distribution of observation year for the BUD sample in the SDSS, 2MASS,
and WISE surveys. The baseline for proper motion measurements varied from nine to
thirteen years. For many objects, the SDSS measurement provided an epoch between the
2MASS and WISE surveys, ensuring a more accurate proper motion measurement.
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photometry and coordinates with an average mjd. Upon examination of the time-resolved

database, we found that ∼3000 of our objects have two sets of 5-20 WISE observations taken

approximately 6 months apart. For these objects, we calculated two distinct positions and

MJDs from an average of each set of observations. The uncertainties in R.A. and Decl. were

propagated from the published uncertainties in the WISE time-resolved catalog.

Before calculating proper motions, we applied a parallax correction based on the pho-

tometric distances (described in Section 4.5.1). For objects with two epochs, the proper

motions are simply the difference in coordinates over the change in time, with uncertainties

based on the uncertainties in each of the coordinates. For dwarfs with three or four epochs,

the proper motions in RA (µRA) and decl. (µdec) are the slope of a line fit to the points

in time and position. The uncertainties of these proper motions are a combination of the

uncertainty in the slope of the linear fit (calculated without uncertainties on each point)

and the uncertainties in the coordinates.

For our final proper motion sample, we make a cut of the total error in proper motion

σtot > 0.06”/yr. As is described more fully in Section 4.6, a cut in the ratio of of the total

uncertainty to the total proper motion (σtot/µtot) results in a bias towards higher proper

motions. I flag objects with σtot/µtot > 1 as uncertain, but they are included in our sample

of velocities. These cuts resulted in 10,213 proper motions, which is nearly 85% of our entire

spectroscopic sample. As the result of other cuts, the minimum total baseline for the proper

motion measurements is just over 2 years.

To check our proper motions against previously measured values, we compare our proper

motions to the USNO-B proper motions (Munn et al. 2004) which were cross-matched to

the W11 sample. Figure 4.7 shows both the proper motions plotted against each other and

a histogram of the differences between the old and new proper motions. Only 64 objects

have different proper motions by more than 0.12”yr in either R.A. or decl.

Because these M7-M9 dwarfs are on the faint end of the USNO-B sample, it is possible

that the majority of the objects showing poor agreement are mismatches in the USNO-B

catalog, where the automated software could not detect another epoch of the faint M dwarf

and instead matched it with a nearby star. The new proper motions, based on infrared

detections in 2MASS and WISE, should be correct.
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Figure 4.7 New proper motions as a function of old proper motions (from Munn et al. 2004)
in R.A. (top left) and decl. (top right). The red dashed line shows proper motion equality.
The difference between old and new proper motions in R.A. and Decl. divided by the total of
the old and new uncertainties are shown on the bottom left and bottom right, respectively.
The majority (750 of 1127) of proper motions match within uncertainties, with most (1050
of 1127) matching within three times the uncertainties. Most proper motions that show
poor agreement have new proper motions which are much smaller, which implies that the
old proper motions could be mismatches in the USNO-B catalog.
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4.6 Three Dimensional Kinematics

A total of 9,442 late-M and L dwarfs in the BUD sample have measured proper motions,

distances, and radial velocities. Using these values, we calculated U , V , and W velocities

and their uncertainties using the method outlined in Johnson & Soderblom (1987). These

velocities were calculated with respect to the local standard of rest assuming UVW� =

(−10, 5, 7) km s−1 (Dehnen & Binney 1998, with positive U defined toward the Galactic

center).

While there are uncertainties associated with each velocity, we use the jackknife re-

sampling method to estimate velocity dispersion uncertainties (Efron 1982). If a value is

calculated from a sample of n data points, the uncertainty is determined by calculating that

value n times, each time excluding a different data point.

4.6.1 Testing For a Correlation Between Age and Spectral Type

As described in Section 4.1, an increasing contribution of young brown dwarfs with later

spectral type should skew the mean age of each spectral type bin, with later spectral types

showing younger ages and cooler kinematics. To test if this effect is apparent in the BUD

sample, we examine the UVW velocity dispersion as a function of spectral type, shown in

Figure 4.8. The BUD data are supplemented by M4-M6 dwarfs from the W11 DR7 sample.

To minimize the effect of differing distributions in distance and galactic height, we excluded

stars with distances greater than 100pc.

If the ages of early-L dwarfs were systematically younger due to a contribution from

young brown dwarfs, the velocity distributions would show a net decrease with spectral

type. The velocity dispersions, while showing small variations, are relatively constant with

respect to spectral type. There is a net increase in the W velocity from 20 km s−1 to

30 km s−1, but the increase is not likely to indicate an increase in ages because it is not

accompanied by an increase in the U and V bands. The other notable deviation from a

constant velocity dispersion is the L2 bin. Out of 14 L2 dwarfs with UVW kinematics,

three are high velocity objects, with total velocities of over 100 km s−1.

To further investigate age as a function of spectral type, we calculated ages for each
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Figure 4.8 UVW and total velocity dispersions of the cold component (for bins with >100
stars) or the full distribution of dwarfs in each spectral type bin. The uncertainties are
based on jackknife resampling, where the dispersion is calculated with each individual point
successively removed (see Section 4.6) . The shown bars indicate the entire range of disper-
sions with each point removed. Note that the U velocity dispersions are larger than those in
V and W ; this is simply a consequence of the increased strength of scattering interactions
parallel to the Galactic plane but perpendicular to the direction of rotation (often referred
to as asymmetric drift; Strömberg 1922; Lindblad 1925).
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Table 4.7. Ages For Each Spectral Type

ST Number Component used σtot (km s−1) Age estimate (Gyr)

M4 100 cold 46.1+0.3
−1.0 3.9+0.1

−0.2

M5 272 cold 38.6+0.1
−0.4 2.6+0.0

−0.1

M6 419 cold 41.9+0.1
−0.9 3.2+0.0

−0.1

M7 1200 cold 43.9+0.0
−1.0 3.5+0.0

−0.2

M8 1196 cold 46.6+0.0
−1.3 4.0+0.0

−0.2

M9 615 cold 51.0+0.1
−2.3 4.8+0.0

−0.4

L0 206 cold 45.7+0.1
−3.8 3.8+0.0

−0.7

L1 64 cold 41.9+0.5
−1.7 3.2+0.1

−0.3

L2 21 all 67.0+3.7
−11.9 7.7+0.6

−2.1

L3 35 cold 44.5+0.7
−3.4 3.6+0.1

−0.6

spectral type bin using the total velocity dispersion , σtot =
√
σ2
U + σ2

V + σ2
W , combined

with the relationship between σtot and τ from Wielen (1977)3:

σ3
tot = σ3

tot,0 +
3

2
γv,pTγ(eτ/Tγ − 1) (4.1)

where σtot,0 =10.0 km s−1, γv,p = 1.4 × 10−5 (km s−1)3 yr−1, and Tγ = 5 × 109 yr.

The total velocity dispersions and ages of M4-L3 dwarfs are show in Table 4.7. The ages

of the M4-L3 dwarfs are all above 2 Gyr, consistent with disk age stars instead of a young

population. The age of the L2 dwarfs is notably larger than that of the other dwarfs, but

it includes dwarfs which are likely part of a hotter kinematic component. The ages of the

L0-L3 dwarfs show no bias towards younger dwarfs, expected if there is a large contribution

from the young brown dwarfs.

4.6.2 Activity and Kinematics

Kinematics are a useful tool for investigating the relationships between activity and age.

Using galactic height as a proxy for age, West et al. (2006, 2008) showed that the distribution

of galactic heights for active and inactive M0-M7 dwarfs is consistent with an activity lifetime

3Schmidt et al. (2007) and Faherty et al. (2009) make use of equation 13, which Wielen (1977) notes is
only accurate to ages of 3× 109 years. The equation presented here is equation 16, which should be valid
over the entire calibrated range of ages.
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which increases with spectral type from 0.8 Gyr for M0 dwarfs to 8.0 Gyr for M7 dwarfs.

The longer activity lifetimes of late-M dwarfs correspond with higher active fractions, and

a greater probability of detections of active dwarfs at significant galactic heights. We test

if this trend continues through M7-L dwarfs by examining the activity fraction of M7, M8,

M9 and L dwarfs as a function of galactic height, shown in Figure 4.9.

The M7 dwarfs show a similar pattern to previous results (West et al. 2006, 2008),

and the M8 and M9 dwarfs show higher overall fractions and a similar decline to the M7

dwarfs. These results suggest that the activity lifetime continues to increase throughout

the M spectral type. The L dwarfs (which include results from L0-L4 dwarfs) have been

observed only within a distance of 100pc, leading to a smaller range of galactic heights. The

two distance bins suggest that L dwarfs follow the same activity lifetime patterns as the

late-M dwarfs. More L dwarf data are needed to more thoroughly investigate their activity

lifetimes.

Ongoing BOSS observations will increase the total number of L dwarfs in the BUD

sample, but the mean L dwarf distance is unlikely to increase due to their faint absolute

magnitudes. To investigate the activity lifetimes of L dwarfs, it may be important to

examine the velocity dispersions of active and inactive L dwarfs. Figure 4.10 shows UVW

velocity dispersions for active and inactive M7, M8, M9, and L dwarfs within 100pc of the

Sun. For the late-M dwarfs, there is a clear separation of the active and inactive dwarfs,

with the inactive dwarfs showing much hotter (older) kinematics. The active L dwarfs show

similar U and V dispersions to the inactive L dwarfs and a larger W dispersions (though

with large uncertainties). There are currently only 4 inactive L dwarfs with full UVW

velocities, so an expanded sample may provide a more distinct kinematic difference between

active and inactive L dwarfs.

4.7 Summary

This chapter outlined the selection of the BUD sample, 12,085 M and L dwarfs drawn

from the spectroscopic data taken as part of SDSS DR7 and BOSS. The majority of these

ultracool dwarfs have photometric data from SDSS, 2MASS, and WISE, enabling a full

investigation of their colors. As discussed in Chapter 2, i − z and z − J show the most
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Figure 4.9 Fraction of active stars, as measured by the presence of Hα emission, as a function
of absolute galactic height for M7, M8, M9, and L dwarfs. The fraction for M7 dwarfs is
shown (dashed grey line) for reference in each panel.
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Figure 4.10 UVW velocity dispersions as a function of spectral type for active and inac-
tive late-M and L dwarfs. The uncertainties in dispersion were calculated using jackknife
resampling.

clear relations with spectral type (Teff) for late-M and early-L dwarfs. 2MASS and WISE

colors have a weaker dependence on spectral type for these late-M and early-L dwarfs. A

full investigation of WISE colors in the further infrared bands should take advantage of a

nearby, bright, sample of late-M and L dwarfs.

Photometric distances, calculated from i−z vs. Mr or Mi relations, show that the BUD

sample includes primarily late-M dwarfs at 100 and more parsecs, early-L dwarfs around

50 pc, and late-L dwarfs closer than 20 pc. The BOSS data add 24 ultracool dwarfs within

30pc to the SDSS samples, nine of which are entirely new discoveries. Proper motions

were measured from a combination of SDSS, 2MASS, and WISE astrometry, and radial

velocities adopted from W11 and S10 or measured from new BOSS spectra. We measured

proper motions for 10,213 dwarfs and obtained radial velocities for 11,436 dwarfs in the

BUD sample.

We calculated UVW velocities for 9,442 ultracool dwarfs and used them to investigate

ages as a function of spectral type. We find that there is no correlation between age and

spectral type, indicating that young brown dwarfs are not a major kinematic contribution
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to the early-L dwarf population. We also examine trends between activity and kinematics,

finding that late-M and L dwarfs should follow a similar relationship between activity and

age as the early- to mid-M dwarfs.

4.8 Future Work

The BUD sample is ripe for additional analysis. The kinematic analysis presented here

focused on correlations with activity and spectral type; a full analysis would examine rela-

tionships between color and kinematics in addition to kinematics as a function of galactic

height. Additionally, the kinematic outliers should be further investigated to search for pos-

sible members of young moving groups and fast moving halo objects. A search for proper

motion companions will also be initiated in the near future.
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Chapter 5

THE CHROMOSPHERES OF COOL AND ULTRACOOL DWARFS

One of the motivations for using BOSS spectroscopic fibers to observe late-M and L

dwarfs was to enlarge our understanding of magnetic activity in cool and ultracool dwarfs.

SDSS spectra include the Hα emission line, often used as an indicator of chromospheric activ-

ity (e.g., Hawley et al. 1996) Activity is another tracer of age in solar-type stars (Skumanich

1972), and enhancing our understanding of the generation and sustenance of magnetic fields

in M and L dwarfs could lead to a firm determination of ages for these low mass stars (e.g.,

West et al. 2008).

Hα detections from the BOSS Ultracool Dwarf (BUD; described in Chapter 4) sample

are instrumental in obtaining a coherent picture of magnetic activity over the full range

of M0-L8 dwarfs. In this chapter, I will characterize the chromospheric activity detected

in BUD spectra and use RH, a non local thermodynamic equilibrium (NLTE) radiative

transfer code (Uitenbroek 2001), to explore the chromospheric temperature structures and

surface filling factors that are consistent with observed activity levels. These parameters

can be used to determine how the structure of the chromosphere changes with spectral

type/effective temperature. This chapter contains a first look at chromospheric structure

over the entire M and L spectral sequence.

5.1 Introduction

Chromospheric activity, which is ubiquitous in mid- to late-M dwarfs, is often classified

based on the presence and strength of Hα emission (e.g., Hawley et al. 1996; Liebert et al.

2003; West et al. 2006). The strength of Hα, frequently parameterized as the ratio of the

luminosity in the Hα line to the bolometric luminosity (log(LHα/Lbol); e.g., Hawley et al.

1996), has an average value that remains constant for early-M dwarfs, albiet with a large

dispersion, then shows a steady decline through early-L spectral types (Gizis et al. 2000;



153

Schmidt et al. 2007; Reiners & Basri 2008; West et al. 2008).

The fraction of cool and ultracool dwarfs showing detectable Hα emission, however,

increases from M0 through late-M spectral types and has been shown to decline into early-

L dwarfs (Kirkpatrick et al. 1999, 2000; Gizis et al. 2000; West et al. 2004). The detection

of a peak and decline at late-M spectral types has more recently been attributed to the

difficulty of detecting relatively weak Hα emission in the fainter late-M and L spectral

types (e.g., Schmidt et al. 2007; Reiners & Basri 2008; West et al. 2008). Using BUD data,

we show that there is no evidence of a decline in the fraction of late-M and L dwarfs showing

Hα emission.

This result is supported by other measurements of magnetic activity in late-M and L

dwarfs. Strong radio detections of ultracool dwarfs indicate that they are still capable of

generating and sustaining strong magnetic fields (Stelzer et al. 2006; Berger et al. 2010).

These strong magnetic fields have also been confirmed by measurements of Zeeman broaden-

ing of FeH bands in late-M dwarfs (Reiners & Basri 2007). There is no evidence to indicate

that the magnetic fields are weaker or missing in L dwarfs; their typically fast rotational

velocities (e.g., Reiners & Basri 2008) are possible evidence that L dwarfs maintain strong

magnetic fields over long timescales due to an inefficient magnetic breaking mechanism.

A surface magnetic field is a necessary, but not sufficient, condition for chromospheric

activity; the chromosphere must also be heated by interaction of charged particles with

the magnetic field. The decline in the strength of Hα emission with later spectral type is

primarily the result of increasingly cool photospheres with higher magnetic resistivities due

to a low ionization fraction (e.g., Mohanty et al. 2002). In the cool, dusty atmospheres of

L dwarfs, the chromosphere may instead be heated by the interaction of the magnetic field

with charge cascades in the upper atmosphere (Helling et al. 2011b,a). To better understand

the mechanism for magnetic heating in the atmospheres of ultracool dwarfs, an important

first step is to characterize the chromospheric filling factors and temperature structures

consistent with observations of Hα emission on M and L dwarfs.

In Section 5.2, I describe current results for Hα emission in the cool and ultracool dwarfs

using SDSS data supplemented by previously reported Hα detections in mid-L dwarfs.

Section 5.3 describes a suite of tests on one-dimensional atmospheres designed to select
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which parameters of pervious atmosphere models (e.g., Short & Doyle 1998a; Fuhrmeister

et al. 2005) are suitable to reproduce the observations. Section 5.4 makes extensive use

of the NLTE radiative transfer code, RH (Uitenbroek 2001), to constrain the ranges of

chromospheric temperature and filling factor which match the data. In Section 5.5, I discuss

the results in the context of current knowledge about the chromospheres of cool and ultracool

dwarfs.

5.2 Properties of Activity in M and L dwarfs

M dwarf activity has been investigated in detail using SDSS spectra for early- to mid-M

dwarfs (e.g., West et al. 2006, 2008) but the relatively small numbers of cooler objects have

prevented an extension of these results to late-M and L dwarfs. The selection of new dwarfs

from the BOSS spectroscopic database as part of the BOSS Ultracool Dwarf (BUD) sample

(described in Chapter 4) has increased the number of late-M and L dwarf spectra by ∼2500

(20%). BUD is ideal for determining the characteristics of Hα emission in M7-L1 dwarfs

due to these increased numbers, but to place these results in the context of activity over

the entire M and L spectral sequence, additional data are needed for both earlier and later

dwarfs. For early- and mid-M dwarfs, I include the the spectra from SDSS DR7 (West et al.

2011, hereafter W11); for L2 and later dwarfs, I combine data from the BUD sample with

additional data from the literature.

5.2.1 Hα Emission in the BUD Sample

The selection of the BUD sample and its properties are described in detail in Section 4.2.3

of Chapter 4. Briefly, the sample is a combination of the M7-M9 dwarfs from W11, L dwarfs

from Schmidt et al. (2010b), and the new sample of 2,638 ultracool dwarfs selected from

BOSS data. Each of the 12,085 M7-L8 dwarfs in the sample have SDSS spectroscopy.

When radial velocities were available, the spectra were first velocity-corrected to 0 km

s−1. The equivalent widths (EW) of Hα emission lines were measured using the Hammer

spectral typing software (Covey et al. 2007). The Hammer first measures the EW of Hα

using a range of 6557.61Å to 6571.61Å for the line and 6500Å to 6550Å and 6575Å to
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6625Å for the surrounding continuum. These ranges are shown in Figure 5.1. The uncer-

tainties on the Hα EW were calculated including both the formal uncertainties on the flux

and the standard deviation of the continuum ranges.

To define each dwarf as either active or inactive, we required a S/N>3 in the continuum

ranges surrounding the Hα line. This S/N cut limits the BUD activity sample to 5934

M7-L3 dwarfs. Each active dwarf was required to have an Hα detection greater than its

uncertainty and a measured Hα EW greater than a detection threshold of EW = 0.75Å. This

threshold was selected in part to conform with the lower limit of activity selected in W11,

and additionally because examination of the BOSS spectra confirms that EW=0.75Å is

a suitable balance between including active dwarfs with small EW and excluding false

positives.

Figure 5.1 shows the spectra of M7 dwarfs surrounding the EW = 0.75Å threshold,

with a range of 0.72Å<EW<0.81 and range of 3<S/N<6. In the lower S/N objects, the

detections of Hα is slightly ambiguous, but the spectra above the detection threshold have

a noticeable excess of flux at the Hα line. As can be seen in some of the higher S/N spectra,

the activity threshold does exclude some Hα emission that can be relatively clearly observed.

Figure 5.2 shows the fraction of active objects as a function of spectral type for BUD

data compared to the entire M dwarf sample from W11. For spectral types M7-M9, the

BUD active fraction is higher than the DR7 fraction due to less restrictive selection criteria;

DR7 dwarfs were also required to have good photometry to be included in the activity

fraction, while the BUD spectra were only required to have S/N> 3. The same minimum

activity threshold of EW=0.75Å has been applied to both samples.

The fraction of active dwarfs continues to increase as a function of spectral type past the

late-M dwarfs, with the L0 and L1 dwarfs both having fractions >90% - only two dwarfs out

of 28 with S/N>3 failed to show emission. The activity fraction for the L2 and L3 dwarfs is

still undetermined; five of eight L2/L3 dwarfs show Hα emission, and the activity fractions

have large uncertainties. Previous data have shown a decrease in the activity fraction from

late-M dwarfs to early-L dwarfs, though it was noted that the observed decline could be

due to the effect of observational biases caused by poor or variable S/N and resolution

(e.g., Schmidt et al. 2007; Reiners & Basri 2008). The possible decline found in the BUD



156

6450 6500 6550 6600 6650 6700
Wavelength (Å)

0

2

4

6

8

N
or

m
al

iz
ed

 F
lu

x 
P

lu
s 

C
on

st
an

t

EW = 0.72Å
S/N = 5.55

EW = 0.73Å
S/N = 4.73

EW = 0.77Å
S/N = 4.28

EW = 0.78Å
S/N = 3.48

EW = 0.80Å
S/N = 5.09

EW = 0.80Å
S/N = 4.76

EW = 0.81Å
S/N = 4.07

Figure 5.1 Normalized flux as a function of wavelength for M7 spectra with a variety of S/N
near Hα and a small range of measured EW. The wavelength of Hα is shown (green) in ad-
dition to the wavelength ranges used to measure the line (red) and continuum (blue). These
spectra were selected because they surround the active/inactive threshold of EW=0.75Å.



157

M0 M1 M2 M3 M4 M5 M6 M7 M8 M9 L0 L1 L2 L3
Spectral Type

0.0

0.2

0.4

0.6

0.8

1.0
F

ra
c
ti
o
n
 A

c
ti
v
e

9797 7972 9034 9528

7243

2936

3883

3233

402
1304819

859
220

17
11

5 3

Figure 5.2 Fraction of active stars (as determined by the presence of Hα emission) as a
function of spectral type. Fractions computed from the W11 sample using their criteria (red)
are compared to fractions computed from the BUD sample using the criteria described in
Section 5.2. The total number of objects used to compute the fraction (active and inactive)
are shown above or below the data in corresponding colors.

sample from the L0/L1 dwarfs to L2/L3 could also be biased by small numbers; additional

observations with consistent S/N and spectral resolution are needed to determine the active

fractions of L2/L3 dwarfs with more certainty.

The strength of activity has often been quantified by the ratio of luminosity in the Hα

line to bolometric luminosity, or LHα/Lbol (e.g., Hawley et al. 1996). This ratio removes

the dependence of the measured EW on the surrounding continuum so it is better suited to

comparing emission strength across a range of spectral type and Teff. To convert EW to

LHα/Lbol, I use the relation between χ and spectral type from West & Hawley (2008) for

M7-M9 dwarfs and the relation between χ and Teff from Reiners & Basri (2008) combined

with the relation between Teff and spectral type from Stephens et al. (2009) for L0 and

later dwarfs.

Figure 5.3 shows the distribution of Hα emission strength, as measured by log(LHα/Lbol),

for each spectral type from M7-L3. Activity strength remains relatively constant across the
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M7-M9 spectral types, then appears to make a steady decline with later spectral type into

the L dwarfs. For each spectral type, there appears to be a wide range of activity strength,

with the activity in M7-M9 dwarfs spanning a full range of 2.0 in log(LHα/Lbol) and the

more sparsely sampled L dwarfs showing ranges of 0.5 to 1.0.

For M7-M9 dwarfs, the lower limit of detectable emission is near (but not below) the

tail of the distribution, and for L0-L3 dwarfs the lower limit is well below the detected Hα

emission. A similar effect is apparent for the DR7 M dwarf sample (shown in Figure 5 of

West et al. 2004). In each case, the activity threshold is well below the median activity

strength, but this undoubtedly has at least a small effect on the fraction of M dwarfs with

Hα detections. The effect of this overestimate is also likely to change with spectral type,

as the EW threshold corresponds to lower values of LHα/Lbol for later spectral types. The

overall shape of the fraction (low for early-M, rising with later spectral type) is not likely

to drastically change with the selection of a different activity threshold.

5.2.2 Observations of Activity in M0-L8 Dwarfs

To place these results in a broader context, additional observations are needed for L2-L8

dwarfs. Table 5.1 summarizes the log(LHα/Lbol) determined for L2-L5 dwarfs from the BUD

sample and published values (for references see Table 5.1; no L6-L8 dwarfs have yet shown

observable Hα emission). Much of the literature includes upper limits on log(LHα/Lbol)

that range from −5.8 to −8.2 and are not included.

Figure 5.3 shows log(LHα/Lbol) as a function of spectral type for active dwarfs from W11,

BUD, and Table 5.1. Because the M0-L1 dwarfs from W11 and BUD were selected using a

homogeneous sample and consistent criteria, they are represented by the minimum, maxi-

mum, median, and interquartile range for each spectral type. The values for L2-L5 dwarfs

are inhomogeneous and much more sparsely sampled, so each individual determination is

shown.

The L5 dwarfs show high levels of activity compared even to the L0 dwarfs. 2MASS

01443536−0716142 was observed to be active only during a short series of observations

classified as a flare (the value given is the minimum measured value from that flare; Liebert
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Figure 5.3 For each spectral type (given along the right side) number of dwarfs as a function
of log(LHα/Lbol). All dwarfs with Hα EW greater than their uncertainty in Hα EW are
shown; those defined as active are shown in the shaded histogram. For each spectral type,
the effective lower limit of detection is shown (based on the 0.75Å active threshold; red
dotted) and for spectral types M7-L1, the median (blue dashed) and first and third quartiles
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Table 5.1. Hα Emission Strength in L2 and Later Dwarfs

Name Spectral Type log(LHα/Lbol) Hα Ref. Other Ref.

2MASS J11553952−3727350 L2.0 −5.96 1

Kelu-1 L2: −5.50 2 1

SDSS J101707.5+130839.3 L2 −5.24 3

SDSS J161928.3+005011.7 L2 −5.83 3

SDSS J165329.6+623136.4 L2 −5.55 3

2MASS J05233822−1403022 L2.5 −6.52 1 4

SDSS J102921.8+162649.8 L3 −5.80 3 1

SDSS J114634.5+223053.0 L3 −6.14 3

DENIS P J1058.7−1548 L3 −5.67 2

2MASS J15065441+1321060 L3 −6.32 1

2MASS J2224438−015852 L4.5 −6.14 2

LHS 102B/GJ 1001B L5 −5.87 2

2MASS J13153094−2649513 L5 −4.181 5 6, 7

2MASS 01443536−0716142 L5 −5.102 8

References. — (1) Reiners & Basri (2008); (2) Schmidt et al. (2007); (3) this thesis; (4)

Berger et al. (2010); (5) Burgasser et al. (2011) (6) Hall (2002) (7) Gizis (2002) (8) Liebert

et al. (2003)

1This source is variable; the quoted flux is from Burgasser et al. (2011) and represents a

rough median.

2The adopted value is the lowest in a series of observations classified as a part of a flare.
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Figure 5.4 Activity strength as a function of spectral type for DR7 and BUD data for M0-L1
dwarfs, and for BUD and literature values (given in Table 5.1) for L2 and later dwarfs. For
the M0-L1 dwarfs, the minimum and maximum (medium blue bar), the interquartile range
(dark blue bar) and median values (large light blue circle) are shown. For L2-L5 dwarfs,
the SDSS data are shown in light blue circles, and the literature values are shown in red
circles. The shaded region shows characteristic upper limits from literature non-detections,
and the dashed black line shows the effective lower limit of detection for SDSS data (based
on the 0.75Å active threshold).
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et al. 2003), and the high level of activity in 2MASS J1315−2649 has been repeatedly

discussed (Gizis 2002; Hall 2002; Burgasser et al. 2011). LHS 102B shows weaker emission

than the other two L5 dwarfs; it is not a noted variable or flare star.

5.3 The Temperature Structure of a Quiet Chromosphere

To understand the changes in the presence and strength of chromospheric emission over the

M and L spectral sequence, it is important to characterize the properties of the chromo-

spheres which give rise to the observed Hα emission. For this first effort at characterizing

the chromospheres of ultracool dwarfs, I adopt the one-dimensional atmosphere approach

used in similar work investigating the chromospheres of earlier M dwarfs (e.g., Hawley et al.

2003; Fuhrmeister et al. 2005; Walkowicz & Hawley 2009). This one-dimensional approach

can provide constraints on the possible range of temperature structures and filling factors

of cool and ultracool dwarf atmospheres.

This use of one-dimensional stellar atmospheres includes two main assumptions: (1) the

temperatures in the outer atmosphere are either low (photospheric) or high (chromospheric)

and (2) the chromosphere is well modeled by a single temperature distribution. The first

assumption is likely to be true due to stellar bifurcation (Ayres 1981), the principle that

any material not heated to chromospheric temperatures will quickly cool to photospheric

temperatures. The second assumption is likely untrue, but the strengths of multiple atomic

emission lines are needed to place constraints on a chromosphere that contains more than

one temperature distribution over its spatial extent (e.g., Walkowicz 2008).

For the photosphere, I use the Bt-Settl models of Allard et al. (2011). The Bt-Settl mod-

els were generated with the LTE radiative transfer code Phoenix (Hauschildt et al. 1999).

These models include a treatment of mixing and convection due to the sedimentation of dust

clouds, which are common in L dwarf atmospheres. The BT-Settl grid covers 100,000K>Teff

>400K, 5.5>log(g)> −0.5, and 0.5>[M/H]> −1.5. For simplicity, we assume a single log(g)

= 5.0 and [M/H] = 0.0 for each dwarf.
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5.3.1 A Short Description of RH

The models presented here and in Chapter 6 were calculated using the RH radiative transfer

code, which is described in detail by Uitenbroek (2001). For completeness, a summary is

also provided here. RH is a radiative transfer code based on the Multilevel Accelerated

Lambda Iteration (MALI) formalism of Rybicki & Hummer (1991). Lambda Iteration is

a method of treating non-LTE (local thermal equilibrium) effects by iteratively calculating

the radiation field (based on local populations) and the local populations (which in turn

depend upon the radiation field). This process is repeated until there is little change in

either the populations or the output radiation between successive iterations.

To calculate the radiation field, RH relies upon the formalism of Partial Redistribution

(PRD), which allows the optically thick cores of lines to be in LTE, but treats the NLTE

effects of coherent scattering in the optically thin line wings. PRD has been demonstrated

to greatly speed to convergence of MALI on a final solution (e.g. Paletou 1995). During

the calculations, one atom is solved in detail, while the rest are treated as background

opacity. RH was implemented with one-, two- and three- dimensional geometries, with the

complexities of multidimensional modeling made possible by the speed of PRD iterations.

In this chapter, I use one-dimensional geometry and a six level hydrogen atom.

5.3.2 Constructing Model Atmospheres

Before modeling activity on the full range of M and L dwarfs, I explore the effects of

varying different parameters that characterize the chromospheric temperature structure on

the modeled Hα flux using a Teff = 2400K photosphere (shown in Figure 5.5). I adopt

a chromospheric temperature structure that consists of two different components, both of

which have a linear increase in temperature with the log of column mass (log(col mass)).

The slopes of the two components are characterized by the positions of the start of the

chromospheric temperature rise, the chromosphere break1, and the start of the transition

1In this chapter, the chromosphere break is used as a convenient parameter to characterize the chromo-
spheric temperature structure. The motivation for the two different temperature slopes with respect to
column mass can be found in detailed models of the Sun’s chromosphere (e.g. Vernazza et al. 1981). The
lower chromosphere cannot cool efficiently so the temperature rises steeply as a function of column mass,
while the upper chromosphere cools via hydrogen emission resulting in a more shallow temperature slope.
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Figure 5.5 Model atmosphere of Teff = 2400K with the an added two component chro-
mospheric temperature structure. The different regions of the atmosphere are shown in
different colored circles, each one showing a single value in the atmosphere. The features
that are discussed throughout Section 5.3.2 are labeled.

region, which are labeled in Figure 5.5.

The slope of the transition region can be constrained using measurements of the UV

flux, but there are no observations of ultracool dwarfs at these wavelengths. For the tran-

sition region I follow the prescription of Fuhrmeister et al. (2005); Walkowicz (2008) for

a steep linear rise of temperature with respect to log(col mass). This chromospheric tem-

perature structure includes a rise of 9000 K between log(col mass) = −5.5 and −5.6 as an

approximation of the beginning of the transition region.

To test the dependence of Hα flux on chromospheric properties I ran a series of models

exploring the effect of varying each of the five parameters which characterize the chromo-

spheric temperature structure2. For each model, I calculated the log(LHα/Lbol) using the

method detailed in Section 5.3.4 and a chromospheric filling factor of 0.01. The range of

2Note that the temperature at the start of the chromosphere is given by the temperature of the photo-
sphere model at the selected value of log(col mass).
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Table 5.2. The Effect of Chromospheric Changes on Hα Emission

Parameter Range ∆ log(LHα/Lbol)

starting log(col mass) of the chromosphere −1.5 to 0.5 g cm−2 0.04

log(col mass) of the chromosphere break −4.5 to −3.5 g cm−2 1.62

log(col mass) of the transition region start −6.5 to −4.5 g cm−2 0.12

temperature of the chromosphere break 6000 to 10000 K 2.01

temperature of the transition region start 9000 to 13000 K 0.07

each parameter and resulting range in ∆(log(LHα/Lbol) are given in Table 5.2 and illustrated

in Figure 5.6.

The primary cause of changes in Hα emission in this series of models is the amount

of hot (T>8000K) material located at larger log(col mass) (> −4.5). The position of the

base of the chromospheric temperature rise (starting log(col mass)) has no effect on the Hα

emission because the material is too cold, while the temperature and log(col mass) at the

transition region start have only a small effect because they primarily control the amount

of relatively diffuse material at log(col mass) < −5.

As shown in Table 5.2, variations in both the temperature and the log(col mass) of

the chromosphere break have a relatively large effect on the strength of Hα emission. To

construct models that represent the chromospheres of a range of cool and ultracool dwarfs,

I will vary the position of the chromosphere break in log(col mass). While the models

presented in Figure 5.6 show that the temperature at the chromosphere break causes a larger

range of activity strengths, the change in temperature affects the slope of the chromospheric

temperature rise, which in turn affects the location where the temperature exceeds 8000K.

The density of material at 8000K is the most important factor in determining the amount

of flux generated. Controlling the position of the chromosphere break in log(col mass) has

a more direct effect on the Hα flux.
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Figure 5.6 Model atmospheres (left) and resulting log(LHα/Lbol) (right) for five values of
each of five different parameters. The colors of each atmosphere in the left panels correspond
with colors of the generated emission in the right panels.
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5.3.3 A Grid of Model Chromospheres

I generated a grid of model chromospheres for five different representative effective temper-

atures, with Teff = 1400, 1900, 2400, 2900, and 3400K roughly corresponding to L7, L3,

M8, M4, and M0 dwarfs. Each model photosphere has a set of chromospheric temperature

structures attached at log(col mass) = 0.5, rising to a chromosphere break at T=8000K

and 13 different positions from log(col mass) = −2 to −5. The chromospheric tempera-

tures then rise to 10,000K at log(col mass) = −5.5. For the transition regions, I include

the same increase of 9000 K between log(col mass) = −5.5 and −5.6. While the shape

of these chromospheric temperature structures is based on previous M dwarf work (e.g.,

Fuhrmeister et al. 2005; Walkowicz 2008) which are analogs of solar chromosphere models

(e.g., Vernazza et al. 1981), these particular values were adjusted to produce the observed

range of Hα emission from M and L dwarfs.

For each output model spectrum, I measured the corresponding Hα line flux by integrat-

ing the flux (minus continuum flux) from 6540Å to 6586Å. This relatively large range was

required by the hottest model chromospheres, where the resulting emission lines were very

broad. The set of model atmospheres and the resulting Hα line flux are shown in Figure 5.7.

In Section 5.3.2 I found that the relative amount of emission depends primarily on the

position of the chromosphere break, not the slope of the lower chromospheric temperature

rise. This is true for the line flux generated from models with different photospheric tem-

peratures, with the exception of the models at the hottest Teff. The slight decrease in flux

is due to an Hα absorption core component that increases in strength with hotter Teff. This

core is formed ein the lower chromosphere, where hydrogen can be more easily excited into

the n=2 state (where it can absorb a Hα photon) than to higher states associated with Hα

emission. The temperatures in the lower chromosphes are much hotter for the T=3400K

model than the T=1400K model.

5.3.4 Converting Modeled Quantities to Observed Values

Line flux at the stellar surface (the model output of RH) is not a directly observable quantity,

so it is not immediately useful for comparison to observed Hα emission; the emitted line flux
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Figure 5.7 Left panel: Grid of model atmospheres used to generate Hα emission. Each
chromosphere break is shown in a different color. Right panel: The log of Hα line flux as
a function of photosphere Teff, with results from chromosphere break shown in the same
color as in the left panel. Line fluxes that were in absorption were not shown

must be converted to observed line flux, EW, or activity strength. Calculating any of these

quantities requires an estimate of the chromospheric filling factor, or the surface coverage

of the chromosphere with the modeled temperature structure. Additional quantities are

needed for each of those three observed quantities.

Calculating an observed line flux also requires a distance, but the comparison data must

be precisely flux calibrated. Calculating an EW from line flux requires the superposition

of the line onto an M dwarf spectrum, but there are no high S/N quiet spectra for late-

M dwarfs. Calculating activity strength, or log(LHα/Lbol), requires an estimate of the

bolometric luminosity, which can be estimated with relative precision. For comparison to

data, the model output will be converted to activity strength.

LHα/Lbol can be calculated from model parameters using:

LHα
Lbol

=
FHα × f × 4πR2

Lbol
(5.1)

where LHα is the luminosity in the Hα line, Lbol is the bolometric luminosity, FHα is the

flux in the Hα line, f is the chromospheric filling factor and R is the stellar radius.

Radii and bolometric luminosities are particularly poorly known for M and L dwarfs,
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especially over a range of magnetic activity (e.g., Kraus et al. 2011). These two quantities

are not independent of each other, however, because:

Lbol ≈ Lthermal = 4πR2σT 4
eff (5.2)

where σ is the Stephan-Boltzmann constant. This makes the assumption that non-thermal

contributions to the luminosity are negligible. To test this assumption and estimate the

maximum non-thermal contribution, I will assume that the non-thermal flux can be esti-

mated by adding up the contrition from the luminosity of Hα, the radio luminosity, and the

x-ray luminosity:

Lnonthermal ≈ LHα + Lrad + Lx (5.3)

and adopt characteristic values for each of these based on detections from Berger et al.

(2010, and references therein) of LHα = Lbol× 10−4, Lrad = Lbol×10−6, and Lx = Lbol×

10−4. This results in an upper limit of

Lnonthermal ≈ Lbol × 10−4 + Lbol × 10−6 + Lbol × 10−4 = 0.000201× Lbol (5.4)

which is a 0.02% non-thermal contribution to the bolometric luminosity. This indicates that

Lbol ≈ Lthermal is a reasonably accurate assumption, so I can calculate the strength of Hα

using Teff instead of explicitly estimating R or Lbol:

LHα
Lbol

=
FHα × f
σT 4

eff

(5.5)

Using Teff is preferable because each photospheric model is generated for a specific Teff, and

because it is more straightforward to explore the effects of varying a single parameter rather

than both radius and luminosity. The uncertainties in the final calculation are characterized

by varying Teff by ±200K; this is greater than the 1% uncertainty from the non-thermal

contribution to the bolometric luminosity and also characteristic of the uncertainty on the

correlation of spectral type and Teff.

The log(LHα/Lbol) for each Teff, chromosphere break, and a range of chromospheric

filling factors from 0.3×10−6 to 1.0 is shown in Figure 5.8. The resulting emission strength

declines with cooler chromospheric temperatures and smaller filling factors. A more subtle

effect is the decline in the strength of emission produced at the same chromosphere break
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and chromospheric filling factor for hotter effective temperatures. For example, the hottest

atmosphere with a chromospheric filling factor of 0.01 produces log(LHα/Lbol) ∼ −2 for

Teff = 1400K and log(LHα/Lbol) ∼ −4 for Teff = 3400K. As the line flux remains nearly

constant for the different values of Teff (see Figure 5.7), this effect is entirely due to the

change in radius and bolometric luminosity in the cooler objects. The ratio between the

line luminosity and the total luminosity increases rather sharply for these cool objects.

5.4 Results

Section 5.2 illustrated the observed properties of activity as function of spectral type, and

Section 5.3 described a grid of model atmospheres assembled to characterize those obser-

vations. I can combine the observations and model atmospheres to determine the range of

chromospheric filling factors and chromosphere break heights which are consistent with Hα

observations of M and L dwarfs.

I adopt the minima, maxima, and interquartile ranges from data for M0, M4, M8, and

L3 dwarfs (shown in Figure 5.3) corresponding to 3400, 2900, 2400, and 1900K atmospheres.

For each spectral type, I compare these statistics to the range of modeled values for the

corresponding temperature. Figure 5.9 shows the comparison of values for the 2900K model

and the M8 data and the resulting ranges of chromospheric filling factor and log(col mass)

of the chromosphere break. I have chosen to illustrate the entire range of observed values

with smaller dots and the interquartile range with larger dots to show simultaneously the

entire range of the population and values close to the median for each spectral type.

The chromospheric temperature structures and filling factors that correspond to the

ranges of log(LHα/Lbol) observed in SDSS data are shown in Figure 5.10. To generate

the observed Hα strength, the warmest dwarfs (3400K and 2900K; M0 and M4) need to

have significantly higher chromospheric filling factors than the cooler dwarfs (2400K and

1900K; M8 and L0). Even using the hottest model chromosphere, the filling factors of

the early- and mid-M dwarfs range from 0.01 to 0.1, a significant fraction of the stellar

surface. Additionally, the warmest active dwarfs are limited to models with the hottest

chromospheric temperature structures, requiring a minimum chromospheric break of −4.0

and −4.75, respectively.
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Figure 5.8 For each photosphere Teff, log(LHα/Lbol) as a function of chromosphere break for
a range of chromospheric filling factors (each shown in a color given in the bottom right).
The uncertainties in log(LHα/Lbol) are based on varying Teff by ±200K, as discussed in
Section 5.3.4.
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Figure 5.9 Left panel: log(LHα/Lbol) as a function of log(col mass) of the chromosphere break
for the 2900K set of models. The colored lines show the same chromospheric filling factors
as in Figure 5.8. The light grey shading shows the entire range of observed log(LHα/Lbol) for
M8 dwarfs, and the dark grey shading shows the interquartile range. Right panel: Filling
factor as a function of log(col mass) of the chromosphere break. Values that correspond to
models that fall in the range of observations for M8 dwarfs are shown as small light grey
circles, and values in the interquartile range are shown as large dark grey circles.

While the observed level of activity remains relatively constant for M0-M4 dwarfs, there

is a decline in the height of the chromosphere break and chromospheric filling factor between

the 3400K and 2900K atmospheres. Figure 5.11 demonstrates the effect of the changing

bolometric luminosities on a constant value of log(LHα/Lbol). The same activity strength

may be produced on a cooler dwarf with a cooler chromospheric temperatures. If an M0

dwarf had a chromospheric temperature structure characterized by a break of at log(col

mass) −4, that a chromosphere with that structure would have to cover 10% - 30% of its

surface to produce −5 < log(LHα/Lbol) < −4. An L8 dwarf with the same chromospheric

temperature structure would only need a filling factor of 0.1% to 0.3%.

5.4.1 Extrapolating to Cooler Dwarfs

While there are few Hα detections for L3 dwarfs and none for L7 dwarfs (corresponding

to the 1900K and 1400K model atmospheres), we can adopt a range of possible values,
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Figure 5.10 Chromosphere break as a function of chromospheric filling factor for models that
match the ranges of log(LHα/Lbol) for each Teff/Spectral Type shown in Figure 5.12. For
each Teff, the large circles are values that match the inner quartile range of observed values,
while the smaller circles show matches with the entire range of values. Circles are slightly
offset from their exact values for clarity. This set of chromosphere breaks and chromospheric
filling factors is based on the data shown in Figure 5.3.
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Figure 5.11 Chromosphere break as a function of chromospheric filling factor for models that
match the ranges of log(LHα/Lbol) for each Teff/Spectral Type shown in Figure 5.12. For
each Teff, the circles show models that produce −4.5 <log(LHα/Lbol)< −5.5. The circles
are slightly offset from their exact values for viewing clarity.
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Figure 5.12 Values of log(LHα/Lbol) as a function of spectral type. The inner shaded box
represents the interquartile range, while the outer shaded box represents the entire range.
The data from the W11 sample is shown (red/orange) in addition to two sets of values
adopted to approximate the data and extrapolate out to late-L dwarfs (test1 in green, test2
in blue).

consistent with sparse activity strength data and observed upper limits, to characterize

upper limits on the possible chromospheric temperatures of L dwarfs. Figure 5.12 shows two

sets of minima, maxima, and interquartile ranges adopted for the five different photospheric

temperatures compared to those statistics based on the data in Figure 5.3.

The two different sets of values assume different characteristics of late-L dwarfs. The

higher values, labeled test1, assume the Hα emission from mid- to late-L dwarfs does not

dramatically decrease from that of early-L dwarfs (−6.4 <log(LHα/Lbol < −5.5). This

implies that observed upper limits more often correspond with non-detections than weak

emission. The lower set of values, labeled test2, were adopted to characterize a weaker

mean Hα emission level (−7.0 <log(LHα/Lbol < −6.1). The corresponding implication is

that upper limits on Hα are often undetected weak emission.

Both test1 and test2 adopt slightly different values for M dwarfs. To select these values,

I assumed that the dwarfs with the largest log(LHα/Lbol) were observed during flares (and

thus do not represent quiet chromospheres), and that the lower limits do exclude a small
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number of dwarfs showing emission. The results for test1 and test2 are shown in Figures 5.13

and 5.14.

The results for M dwarfs did not change significantly with our “smoothed” values and

still show the same general trend. If there is a low level of chromospheric activity on late-L

dwarfs, the chromosphere producing that activity has a surface coverage of three to six

orders of magnitude less than the characteristic chromospheres of early-M dwarfs. If the

chromospheric filling factors are instead similar, the very coolest of our models would be

used for the L7 dwarf and the hottest for the M0. Either way, these differences indicate

that a dramatic shift occurs between the characteristic chromospheres of active M0 and L7

dwarfs - in temperature structure, surface coverage, or both.

5.5 Discussion

The chromospheric temperature structure and filling factor required to produce observed

values of Hα emission is a strong function of Teff . The strength of log(LHα/Lbol) observed

in early- to mid-M dwarfs can only be generated by a relatively hot chromosphere covering

0.01 to 1.0 of the observed surface. It is important to note, however, that the results

for early-M dwarfs are sampling only a subset of the entire early-M dwarf population.

According to the activity fraction calculated using our EW = 0.75Å criteria for inactive vs.

active (Figure 5.2), <1% of M0 dwarfs are active and <15% of M4 dwarfs are active. The

temperature structures and chromosphere breaks for M0 to M4 dwarfs represent 1 to 15%

of the population; the majority of the early-M dwarf population either lacks a chromosphere

entirely, or has some combination of lower temperature chromospheres (which in some cases

show Hα in absorption) and smaller filling factors.

For late-M and early-L dwarfs, a cooler chromospheric temperature structure and/or a

smaller filling factor is required to produce the range of observed emission strengths. These

dramatically cooler (or less extended) chromospheres are not likely to be due to a decline

in magnetic field strength (current measurements show that late-M dwarfs typically have

strong fields), but rather due either to a decrease in the amount of coupling between the

atmosphere and the field, or simply the difficulty of heating material on the surfaces of these

cool dwarfs to chromospheric temperatures. These results are relatively representative of
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Figure 5.13 Chromosphere break as a function of chromospheric filling factor for models
that match the ranges of log(LHα/Lbol) for each Teff/Spectral Type shown in Figure 5.12.
For each Teff, the large circles show matches to the inner quartile range, while the smaller
circles show matches to the entire range of values. Circles are slightly offset from their exact
values for viewing clarity. This set of chromosphere breaks and chromospheric filling factors
is based on a smoothed interpolation of the data and an extrapolation to later spectral
types, assuming relatively strong emission at later spectral types.
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Figure 5.14 Chromosphere break as a function of chromospheric filling factor for models
that match the ranges of log(LHα/Lbol) for each Teff/Spectral Type shown in Figure 5.12.
For each Teff, the large circles show matches to the inner quartile range, while the smaller
circles show matches to the entire range of values. Circles are slightly offset from their
values for viewing clarity. This set of chromosphere breaks and filling factors is based on a
smoothed interpolation of the data and an extrapolation to later spectral types, assuming
relatively weak emission at later spectral types.
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the local ultracool dwarf population. Over 80% of late-M and L dwarfs are active, so the

calculated decline in chromospheric temperature and/or filling factor shows real change

between the chromospheres generated on late-M and early-L dwarfs.

While there are only a few detections of Hα for mid- to late-L dwarfs, the range of

possible and detected activity strengths are consistent only with chromospheres that cover

a very small area of the observable surface (<0.003) or have an even cooler temperature

structure than those modeled here. The two L5 dwarfs with strong Hα also have cool

chromospheres compared to early-M dwarfs, the ranges of chromospheric filling factor and

chromosphere break which produce their reported emission strengths most closely resemble

those of late-M dwarfs.

It is unclear whether or not most mid- to late-L dwarfs posses chromospheres, but

observations of Hα emission in these dwarfs are difficult due to their faint bolometric lumi-

nosities. Even cooler dwarfs are capable of sustaining Hα emission; one T dwarf has shown

consistently strong Hα emission at a level of log(LHα/Lbol) = −4.3 (Burgasser et al. 2002a;

Liebert & Burgasser 2007) without any confirmed cause other than chromospheric activity

(e.g., accretion, low mass interacting binary companion, flares). If some brown dwarfs can

emit strong Hα, then a large fraction of them may emit weaker Hα.
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Chapter 6

PROBING THE FLARE ATMOSPHERES OF M DWARFS USING
INFRARED EMISSION LINES

Observations of a variety of emission lines are essential to understanding the atmospheric

structure during flares. Typically, these lines are found in the optical or ultraviolet region

of the spectrum, which is rich with hydrogen Balmer series, Ca II H&K, Mg II, Fe II, etc.

Despite the larger number of emission lines, these observations can become difficult on cooler

or fainter dwarfs, where the surrounding continuum is low. The near-infrared region of the

spectrum (λ = 0.95 to 2.5µm) has a brighter underlying continuum and contains hydrogen

Paschen and Brackett series emission lines, in addition to He 1 λ10830. We initiated a

monitoring campaign in order to observe these lines during M dwarf flares.

Another motivation to obtain near-infrared spectra of flares was an effort to locate trac-

ers of quiescent activity at infrared wavelengths. As discussed in Chapter 5, observations of

Hα emission become increasingly difficult with later spectral type. The spectral energy dis-

tribution of L dwarfs peak in the near-infrared, so an activity indicator at those wavelengths

would be ideal for examining activity in ultracool dwarfs.

This chapter was originally published in collaboration with Adam F. Kowalski, Suzanne

L. Hawley, Eric J. Hilton, John P. Wisniewski, and Benjamin M. Tofflemire in the January

edition of the Astrophysical Journal (Schmidt et al. 2011, ApJ, Vol. 745, pp. 14-23, c© 2012

by the American Astronomical Society) and is reproduced below with permission of the

American Astronomical Society.

6.1 Introduction

M dwarfs are notorious for dramatic flares, presumably caused by magnetic reconnection

in their atmospheres. Weaker analogs of these flares are present on the Sun, where the

surface magnetic field is thought to be powered by the rotationally induced shear between

the radiative and convective layers of the Sun (Parker 1955). For fully convective M dwarfs
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(spectral types M3 and later; Chabrier & Baraffe 1997), strong magnetic fields are created

and sustained solely through turbulence and rotation within the star (e.g., Browning 2008).

The dynamo powering the magnetic fields which result in flares on these M dwarfs is not

fully understood, but additional observations constraining the chromospheric heating are

essential to a coherent picture relating stellar magnetic fields to flares.

The atmospheric heating during a flare results in emission from many wavelength regimes,

and flares have been well observed in the X-ray (e.g., Osten et al. 2010), ultraviolet (e.g.,

Robinson et al. 2005; Hawley et al. 2007), optical (e.g., Kowalski et al. 2009; Walkowicz

et al. 2011), and radio (e.g., Stepanov et al. 2001; Osten & Bastian 2008). The combi-

nation of observations at these different wavelengths, especially when obtained as part of

multi-wavelength flare monitoring campaigns, has informed our interpretation of the physics

underlying these dramatic emission events (e.g., Hawley et al. 2003; Osten et al. 2005). How-

ever, to date there have been no concerted efforts to observe infrared emission lines from

flaring stars. Quiescent M dwarfs are particularly bright in the near-infrared portion of the

spectrum, so emission from the hydrogen Paschen and Brackett series and the He 1 λ10830

transition are both easily observable and essential to probing different atmospheric heights.

These infrared emission lines are particularly useful for examining accretion in T Tauri stars

(e.g. Bary et al. 2008; Vacca & Sandell 2011).

In quiescent (not flaring) active M stars, high resolution (R > 20,000) spectra have shown

weak absorption from Pβ in AU Mic (Short & Doyle 1998b); Pε was also seen in absorption

in six out of ten active M dwarfs (Houdebine et al. 2009). Emission from higher-order

Paschen lines has only been detected in a few serendipitous observations at the far red end

of optical spectra. The first occurred during a survey to classify photometrically selected

late-M and L dwarfs. Liebert et al. (1999) observed Paschen emission (Pδ – P11) between

8800 Å and 10500 Å in a R ∼ 4300 spectrum of the M9.5 dwarf 2MASSW J0149090+295613.

The flare also showed a variety of optical emission lines, but had no evidence of continuum

emission. Schmidt et al. (2007) subsequently observed Paschen emission lines in a R ∼ 2000

spectrum of the M7 dwarf 2MASS J1028404−143843. The flaring spectrum included strong

continuum enhancement of the entire spectrum blueward of 9200 Å in addition to many

emission lines. Pδ – P11 were again identified, with equivalent widths (EWs) of 2-5 Å. For
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both of these observations, there was no corresponding photometry, which prohibited the

characterization of the overall strength and duration of the flare.

Fuhrmeister et al. (2008) observed Pδ – P11 on the M5.5 dwarf CN Leo during a large-

amplitude flare with a total duration of about 45 minutes. Their data included R ∼ 40, 000

spectra over the range 3000–10500 Å. Line strengths were not given for the Paschen lines,

but inspection of the three consecutive 100 s exposures near the peak of the flare shows a

decay in line strength. Fuhrmeister et al. (2010) used one-dimensional atmosphere models

to examine the emission from the flare, finding that a single model can reproduce most, but

not all, flare emission lines.

An unexplored region of the spectrum during M dwarf flares, both in observations and

modeling, is the 1.0–2.5 µm range, which contains the lower-order Paschen lines, higher-

order Brackett and Pfund lines, and He 1 λ10830. We report on the results of our cam-

paign to observe active M dwarfs in this wavelength regime with simultaneous photometric

monitoring. The data include three flares with infrared line emission; observations of the

strongest flare also include blue optical spectra. Using these data, we quantify the duty

cycle for infrared flare line emission and examine the relative line strengths during the evo-

lution of each of the three flares. Congruent with previous studies (e.g., Hawley & Fisher

1992; Walkowicz et al. 2008; Fuhrmeister et al. 2010), we use one-dimensional atmospheres

and the static NLTE radiative transfer code RH (Uitenbroek 2001) to model the line flux

ratios of the largest flare.

In Section 6.2, we discuss our targets and observations and in Section 6.3 we describe our

methods for flare identification. Individual flares are examined in Section 6.4 together with

our duty cycle estimate. Empirical atmospheric models that produce infrared line emission

are discussed in Section 6.5.

6.2 Observations

Our targets include three well-known mid-M flare stars: AD Leo, EV Lac, and YZ CMi,

in addition to one active late-M dwarf, VB 8. Magnitudes, coordinates, and the duration

of our observations for each target are given in Table 6.1. To both detect IR emission and

characterize a flare, we need at least infrared spectra and one band of optical photometry,
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Table 6.1. Flare Star Observations

Name ST J K tobs (h:m) Nflares tflare (h:m) Nflares IR tflare IR (h:m) FracIR

YZ CMi M4.5 6.58±0.02 5.70±0.02 16:36 8 1:55 1 0:08 0.008
AD Leo M3 5.45±0.02 4.59±0.02 12:18 1 0:31 0 0:00 0
EV Lac M3.5 6.11±0.03 5.30±0.02 15:21 6 3:56 2 1:14 0.081
VB 8 M7 9.78±0.03 8.82±0.02 4:37 1 0:15 0 0:00 0

M3-M4.5 44:15 15 6:22 3 1.37 0.031
Total 48:52 16 6:38 3 1.37 0.028

Note. — The total time observed is given in Column 5 (tobs), the total time each object spent in flare is given in Column 7 (tflare),

and the time with observed infrared line emission is given in Column 9 (tobs; see Figures 6.3, 6.5, and 6.6). The last column gives the

fraction of time each object spent with infrared line emission.

but some nights include additional data. The targets, times observed, and instruments used

each night are detailed in Table 6.2.

6.2.1 Flare-cam on the ARCSAT 0.5 m

Photometry for all of the nights was obtained using Flare-cam on the Astrophysical Re-

search Consortium Small Aperture Telescope (ARCSAT). ARCSAT was formerly used as

the photometric calibrating telescope for the Sloan Digital Sky Survey (York et al. 2000;

Tucker et al. 2006). Its location at Apache Point Observatory (APO) makes it an ideal

telescope for obtaining simultaneous data with the ARC 3.5 m telescope, which we used for

our infrared spectroscopy (see Section 6.2.3). Flare-cam is equipped with ugri filters, and

the CCD is optimized for observing flare stars because of its good blue response and fast

readout (Hilton 2011). Exposure times and filters are given in Table 6.2.

The data were reduced using standard IRAF routines combined with a custom python

code that tracked the change in each star’s position over the course of the night. The

magnitudes were calibrated using differential photometry with respect to the brightest stars

in the image. See Hilton (2011) for more details on the photometric reductions.

6.2.2 NMSU 1 m

For four of the eleven nights of observations listed in Table 6.2, we also obtained U -band

photometry using the NMSU 1 m, a robotically operated telescope located at APO (Holtz-



184

T
ab

le
6.

2.
L

is
t

of
O

b
se

rv
at

io
n

s

U
T

D
a
te

T
a
rg

e
t

T
e
le

sc
o
p

e
/
In

st
ru

m
e
n
t

F
il
te

r1
E

T
(s

)
U

T
T

im
e

(h
:m

)
T

im
e

(h
:m

)
t o

b
s

(h
:m

)
N

fl
a
r
e
s

2
0
0
9

F
e
b

4
Y

Z
C

M
i

A
P

O
T

ri
p
le

S
p

e
c
2

4
3
:2

0
to

7
:1

0
3
:5

0
1
:4

2
1

2
0
0
9

F
e
b

4
Y

Z
C

M
i

A
R

C
S
A

T
fl

a
re

-c
a
m

u
,
g

7
,

2
5
:3

0
to

7
:1

2
1
:4

2

2
0
0
9

F
e
b

4
A

D
L

e
o

A
P

O
T

ri
p
le

S
p

e
c

2
7
:1

4
to

1
3
:4

6
6
:3

2
5
:2

0
1

2
0
0
9

F
e
b

4
A

D
L

e
o

A
R

C
S
A

T
fl

a
re

-c
a
m

u
,
g

5
,

1
7
:1

8
to

1
2
:3

8
5
:2

0

2
0
0
9

A
p
r

1
4

A
D

L
e
o

A
P

O
T

ri
p
le

S
p

e
c

2
–
5

2
:5

4
to

7
:4

4
4
:5

0
1
:1

8
0

2
0
0
9

A
p
r

1
4

A
D

L
e
o

A
R

C
S
A

T
fl

a
re

-c
a
m

g
1
0
–
1
0
0

2
:2

8
to

4
:1

2
1
:4

4

2
0
0
9

O
c
t

2
4

E
V

L
a
c

A
P

O
T

ri
p
le

S
p

e
c

8
1
:4

1
to

6
:5

1
5
:1

0
3
:3

5
1

2
0
0
9

O
c
t

2
4

E
V

L
a
c

A
R

C
S
A

T
fl

a
re

-c
a
m

u
,

g
1
0
,

1
1
:0

6
to

5
:0

5
3
:5

9

2
0
0
9

O
c
t

2
4

E
V

L
a
c

D
A

O
S
p

e
c
tr

o
g
ra

p
h
3

6
0
–
3
0
0

2
:2

6
to

9
:0

5
6
:3

9
2
0
0
9

O
c
t

2
4

E
V

L
a
c

N
M

S
U

1
m

c
a
m

e
ra

U
4

1
:2

6
to

9
:3

0
8
:0

4

2
0
0
9

O
c
t

2
7

E
V

L
a
c

A
P

O
T

ri
p
le

S
p

e
c

8
1
:0

4
to

6
:5

3
5
:4

9
5
:1

9
3

2
0
0
9

O
c
t

2
7

E
V

L
a
c

A
R

C
S
A

T
fl

a
re

-c
a
m

u
,
g

5
,

1
1
:3

4
to

9
:1

3
7
:4

9
2
0
0
9

O
c
t

2
7

E
V

L
a
c

D
A

O
S
p

e
c
tr

o
g
ra

p
h

2
0
0
–
4
2
0

2
:0

2
to

6
:1

8
4
:1

6
2
0
0
9

O
c
t

2
7

E
V

L
a
c

N
M

S
U

1
m

c
a
m

e
ra

U
4

1
:1

2
to

9
:1

8
8
:0

6

2
0
1
0

A
p
r

2
5

V
B

8
A

P
O

T
ri

p
le

S
p

e
c

6
0

7
:2

4
to

1
1
:0

7
3
:4

3
3
:1

2
0

2
0
1
0

A
p
r

2
5

V
B

8
A

R
C

S
A

T
fl

a
re

-c
a
m

g
1
2
0

7
:5

7
to

1
1
:0

6
2
:3

3

2
0
1
0

M
a
y

2
6

V
B

8
A

P
O

T
ri

p
le

S
p

e
c

3
0

7
:2

8
to

8
:5

3
1
:2

5
1
:2

5
1

2
0
1
0

M
a
y

2
6

V
B

8
A

R
C

S
A

T
fl

a
re

-c
a
m

g
6
0

6
:2

2
to

8
:5

4
2
:3

2

2
0
1
0

M
a
y

2
6

E
V

L
a
c

A
P

O
T

ri
p
le

S
p

e
c

8
9
:0

1
to

1
1
:3

9
2
:3

8
1
:5

0
1

2
0
1
0

M
a
y

2
6

E
V

L
a
c

A
R

C
S
A

T
fl

a
re

-c
a
m

u
,
g

1
0
,

2
9
:1

0
to

1
1
:0

0
1
:5

0

2
0
1
0

N
o
v

2
7

E
V

L
a
c

A
P

O
T

ri
p
le

S
p

e
c

5
0
:2

4
to

5
:1

4
4
:5

0
4
:3

7
1

2
0
1
0

N
o
v

2
7

E
V

L
a
c

A
R

C
S
A

T
fl

a
re

-c
a
m

u
,
g
,
r

5
,

1
,

1
0
:3

7
to

5
:1

7
4
:4

0

2
0
1
1

F
e
b

1
4

Y
Z

C
M

i
A

P
O

T
ri

p
le

S
p

e
c

4
2
:0

7
to

6
:0

8
4
:0

1
4
:0

1
4

2
0
1
1

F
e
b

1
4

Y
Z

C
M

i
A

R
C

S
A

T
fl

a
re

-c
a
m

g
,
r
,
i

1
,

1
,

1
1
:2

4
to

4
:3

0
3
:0

6
2
0
1
1

F
e
b

1
4

Y
Z

C
M

i
N

M
S
U

1
m

c
a
m

e
ra

U
1
0

2
:0

7
to

7
:2

0
5
:1

3

2
0
1
1

F
e
b

1
5

A
D

L
e
o

A
P

O
T

ri
p
le

S
p

e
c

2
9
:3

5
to

1
2
:2

8
2
:5

3
2
:3

6
0

2
0
1
1

F
e
b

1
5

A
D

L
e
o

A
R

C
S
A

T
fl

a
re

-c
a
m

g
,
r
,
i

1
,

1
,

1
9
:2

6
to

1
0
:3

6
1
:1

0
2
0
1
1

F
e
b

1
5

A
D

L
e
o

N
M

S
U

1
m

c
a
m

e
ra

U
4

9
:5

2
to

1
3
:0

9
3
:1

7

2
0
1
1

F
e
b

1
5

Y
Z

C
M

i
A

P
O

T
ri

p
le

S
p

e
c

4
1
:1

6
to

3
:0

8
1
:5

2
1
:0

7
2

2
0
1
1

F
e
b

1
5

Y
Z

C
M

i
A

R
C

S
A

T
fl

a
re

-c
a
m

g
,
r
,
i

1
,

1
,

1
1
:2

6
to

3
:5

6
2
:3

0
2
0
1
1

F
e
b

1
5

Y
Z

C
M

i
A

P
O

T
ri

p
le

S
p

e
c

4
4
:4

9
to

9
:3

4
4
:4

5
4
:4

5
2
0
1
1

F
e
b

1
5

Y
Z

C
M

i
A

R
C

S
A

T
fl

a
re

-c
a
m

g
,
r
,
i

1
,

1
,

1
4
:5

0
to

5
:2

7
1
:3

7
2
0
1
1

F
e
b

1
5

Y
Z

C
M

i
N

M
S
U

1
m

c
a
m

e
ra

U
1
0

1
:5

9
to

9
:4

1
7
:4

2

2
0
1
1

F
e
b

2
1

A
D

L
e
o

A
P

O
T

ri
p
le

S
p

e
c

2
8
:4

1
to

1
2
:1

6
3
:3

5
3
:0

4
0

2
0
1
1

F
e
b

2
1

A
D

L
e
o

A
R

C
S
A

T
fl

a
re

-c
a
m

u
,
g
,
r

5
,

1
,

1
6
:0

7
to

1
1
:4

5
5
:3

8

2
0
1
1

F
e
b

2
2

Y
Z

C
M

i
A

P
O

T
ri

p
le

S
p

e
c

4
2
:0

8
to

7
:0

9
5
:0

1
5
:0

1
1

2
0
1
1

F
e
b

2
2

Y
Z

C
M

i
A

R
C

S
A

T
fl

a
re

-c
a
m

u
,
g
,
r
,
i

6
,

1
,

1
,

1
1
:4

9
to

7
:4

0
5
:5

1

N
o
te

.
—

C
o
lu

m
n

7
(T

im
e
)

re
fe

rs
to

th
e

to
ta

l
d
u
ra

ti
o
n

o
f

o
b
se

rv
a
ti

o
n
s

fo
r

e
a
c
h

in
st

ru
m

e
n
t,

w
h
il
e

C
o
lu

m
n

8
(t

o
b
s
)

g
iv

e
s

th
e

d
u
ra

ti
o
n

o
f

o
b
se

rv
a
ti

o
n
s

th
a
t

o
v
e
rl

a
p

fo
r

th
e

p
h
o
to

m
e
tr

y
a
n
d

in
fr

a
re

d
sp

e
c
tr

o
sc

o
p
y
.

C
o
lu

m
n

9
(N

fl
a
r
e
s
)

g
iv

e
s

th
e

n
u
m

b
e
r

o
f

fl
a
re

s
fo

u
n
d

fr
o
m

th
e

p
h
o
to

m
e
tr

y
u
si

n
g

th
e

p
ro

c
e
ss

d
e
sc

ri
b

e
d

in
S
e
c
ti

o
n

6
.3

.

a
T

h
e

fi
lt

e
r

in
b

o
ld

w
a
s

u
se

d
to

id
e
n
ti

fy
fl

a
re

s
fo

r
th

o
se

o
b
se

rv
a
ti

o
n
s.

b
R

∼
3
5
0
0
;
λ

∼
0
.9

5
to

2
.4

5
µ

m
;

se
e

S
e
c
ti

o
n

6
.2

.3
.

c
R

∼
7
5
0
;
λ

∼
3
5
4
0

to
4
7
1
0

Å
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man et al. 2010). Typical exposure times were 4 –10 s, and readout was 10 s. The reductions

were performed using an automated pipeline which measured the magnitude of the flare star

with respect to several background stars.

6.2.3 TripleSpec on the ARC 3.5 m

Infrared spectra were obtained with the TripleSpec instrument on the ARC 3.5 m telescope

at APO. TripleSpec is a cross-dispersed near-infrared spectrograph that covers 0.95–2.45

µm (Wilson et al. 2004). We used the 1′′.1 slit, resulting in a resolution of R∼3500. All

data were obtained using an A/B nod pattern, shifting the star along the slit in order to

perform sky subtraction. We obtained data for an A0 calibrator star every ∼40 minutes

in order to correct for the changing telluric absorption over the course of the night. Our

typical exposure times were 2–4 s for AD Leo, EV Lac, and YZ CMi, and 30 s for VB 8.

The data were reduced using a version of SpexTool modified to work with ARC 3.5 m

TripleSpec data (Cushing et al. 2004). We constructed telluric correction spectra from our

A0 standards using the routine included in SpexTool (Vacca et al. 2003), but modified the

remaining post-processing r outines to automatically process each spectrum instead of using

the provided GUI interface. Although the formal residuals of our wavelength solution were

0.5–1 pixel, the curved, tilted orders of the spectra impose additional systematic effects in

the wavelength calibration.

We detected Pβ, Pδ, Pγ, Brγ, and He 1 λ10830 during the most energetic flare observed.

No higher-order Brackett or Pfund emission was detected in any of our spectra. We mea-

sured the EWs using regions defined individually for each line in order to include all observed

flux; for Pβ, Pδ, Pγ, and He 1 λ10830 these were 10–20 Å wide (6–12 pixels; 0.001–0.002

µm) and for Brγ the line region was 40 Å wide (14 pixels; 0.004 µm). Continuum regions

were defined as ±0.01 µm on either side of each line. Quiet and flare profiles for the five

lines are shown with the regions used for line measurements in Figure 6.1. The spectrum

surrounding and underlying each of the emission lines contains many other molecular and

atomic features so the EWs of the emission lines are not zero even in quiescence. The EW

measured in the quiescent spectrum is subtracted from each flare measurement.
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Figure 6.1 Spectra of EV Lac during quiescence (black) co-added from ∼2 hr of exposure
during UT 2009 October 24, and from eight co-added spectra with exposure times of 8 s
each during the flare peak on UT 2009 October 27 (red). The emission lines are labeled and
their central wavelengths are shown (dashed green lines). The regions used to measure the
EW of each line are also shown (solid blue lines). The shifts of some lines from the nominal
central wavelengths are likely due to small (1–2 pixel) systematic errors in the wavelength
solution (see the text).
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We could not determine absolute line fluxes directly from individual TripleSpec spectra

because the observed flux in each spectrum varies due to the movement of the star on and

off the slit during the nod pattern. We used a method similar to the χ factor of Walkowicz

et al. (2004) to calculate absolute line flux by multiplying measured EWs (which do not

depend on the continuum level) by a calibrated continuum flux. Continuum fluxes were

obtained from a quiet, co-added, high signal-to-noise spectrum of each star normalized

to Two Micron All Sky Survey (2MASS) photometry using 2MASS filter curves (Cohen

et al. 2003; Skrutskie et al. 2006). While this method would not be feasible in the UV

and optical due to white-light emission, continuum enhancement during flares is negligible

in the JHKS passbands. Davenport et al. (2012) use a flare continuum model on an M3

star to predict that a flare with ∆u = 4 mag would produce a ∆J < 10 mmag peak, and

Tofflemire et al. (2012) report no broadband (J , H, KS) continuum enhancements above a

level of 5–8 mmag during flares having similar total energy as reported here. The variations

detected by Tofflemire et al. (2012) and Davenport et al. (2012) are smaller than the formal

uncertainty quoted with the 2MASS magnitudes (20–30 mmag), so we assume that the

variation between the published 2MASS magnitudes and the magnitudes of the M dwarfs

during our observing was negligible.

6.2.4 DAO 1.8 m

For two nights, we used the DAO 1.8 m telescope with the SITe5 CCD and spectrograph

to observe EV Lac during a coordinated campaign with the telescopes at APO. Our setup

resulted in a spectral resolution of R ∼ 750 and wavelength coverage from 3550 Å to 4700

Å. We measured Ca 2 K, He 1 λ4471, and the hydrogen Balmer series Hγ and Hδ. Exposure

times for EV Lac ranged from 60 to 420 s. Due to these relatively long integration times,

additional cosmic-ray cleaning was performed with the LACOSMIC utility (van Dokkum

2001).

The spectra were wavelength-calibrated with an FeAr lamp and flux-calibrated using

data from the standard star G191B2B, then spectrophotometrically calibrated by normal-

izing to the simultaneous U -band data. EWs are not useful for blue flare spectra because
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of the changes in the surrounding continuum flux during the flare. Instead, we measured

absolute line fluxes directly from the data. The values we use during the flare have the quiet

line flux subtracted.

6.3 Identifying Flares

Flares are most easily seen at blue and ultraviolet wavelengths, where the hot, white-light

continuum emission from the flare is in high contrast to the small amount of flux emitted

from cool M dwarf photospheres (Lacy et al. 1976; Hawley & Pettersen 1991). To identify as

many flares as possible, we used the bluest band of photometry available. This was typically

u, but for some nights only U was available, and VB 8 was too faint to observe in U or u, so

we used g-band data. The band used to identify flares for each set of observations is given

in Table 6.2.

Photometrically, flares are observed as excursions above the mean quiescent value of

the star’s flux, which can be any size or shape. Realistically, flare detection must take into

account small variations in the continuum caused by observational effects and so a minimum

duration and energy above the observed quiescent value is required. To identify individual

flares, we used the custom IDL code discussed in Hilton (2011), which selects peaks that

have at least three consecutive epochs more than three standard deviations above the local

quiescent light curve. At least one of those epochs must be 5σ above quiescence. We

reviewed each flare by eye to confirm that the deviations from the mean were not caused

by bad photometry. Over the course of 48.9 hr of observations on four different stars, we

observed a total of 16 flares, which are listed per star in Table 6.1 and per night in Table 6.2.

Figure 6.2 shows the energy and peak magnitude of each flare.

To identify flares which had associated IR line emission, we examined the measured EWs

of Pβ and He 1 λ10830 as a function of time during the flare. We found that the three most

energetic flares, which occurred on EV Lac on UT 2009 October 27 and UT 2010 November

27, and on YZ CMi on UT 2011 February 14, each showed infrared emission lines. These

flares are discussed in detail in Section 6.4.1.
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Figure 6.2 Peak magnitude in U , u , or g bands as a function of total flare energy in
those bands. The flares from AD Leo (triangles), YZ CMi (squares), EV Lac (circles), and
VB 8 (diamonds) observed in U (red), u (blue), and g (green) bands are shown. The flares
where IR line emission was observed are distinguished (solid symbols) and labeled with their
dates. The flares with accompanying IR line emission have the largest total flare energy
and relatively high peak magnitudes.
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6.4 Characterizing Infrared Flares

6.4.1 Individual Flares

2009 October 27 flare on EV Lac. We were observing with all four instruments during the

most energetic event, a ∆u = 4.022 mag flare on EV Lac on UT 2009 October 27. The light

curves for our observations are shown in Figure 6.3. The photometry (in U , u, and g bands)

exhibits a typical flare light curve with a fast rise and exponential decay. The u-band flare

emission lasted 1.68 hr and released a total energy of 3.9 ×1032 erg.

The combination of optical (DAO) and infrared (TripleSpec) spectroscopy allows us to

examine a total of nine emission lines–Hγ, Hδ, He 1 λ4471, and Ca 2 K in the UV/blue

part of the spectrum, and Pβ, Pγ, Pδ, Brγ, and He 1 λ10830 in the infrared. Figure 6.4

shows the light curve of each emission line normalized to its value at t = 4.97 hr (the peak of

u-band emission), and the ratio of each line to Hγ for comparison of their evolution during

the flare.

The light curves for Hγ, Hδ, and He 1 λ4471 have a fast-rise exponential-decay shape

similar to the photometry. Pγ and Pδ show a similar fast rise, but their decay is slower than

the Balmer series lines. The Pβ and Ca 2 K emission both peak after the other Paschen

and Balmer series lines, and exhibit an even slower decay after their late peaks. Brγ is

similar to Pβ and Ca 2 K in its late peak, but seems to decay faster than any other line.

This may be an observational effect, as it is by far the weakest line detected. Without a

stronger detection, we assume that its ratio to the Paschen lines is constant throughout the

flare. The He 1 λ10830 emission shows a shape distinct from the rest of the lines–it remains

nearly at its peak flux for 0.8 hr, approximately half of the duration of the flare in u band.

The slow decay during the gradual phase is a well-known property of Ca 2 K (e.g.,

Bopp & Moffett 1973; Hawley & Pettersen 1991; Fuhrmeister et al. 2008), but in this flare,

He 1 λ10830 emission traces a region that remains heated for an even longer portion of the

gradual phase than Ca 2 K. This could be due to the Neupert effect, where the line responds

to the total cumulative flare heating for which the time integral of the U band (white-light

2Although the ∆u represents a negative change in magnitude (corresponding with an increase in flux) we
adopt a convention of ∆u = |uflare − uquiet| throughout.
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Figure 6.3 Data from the UT 2009 October 27 flare observed on EV Lac. Panels (a), (b),
and (c) show U -, u-, and g-band light curves during the flare. The panels (d)–(l) show
the variations in the optical and infrared lines. The flaring line flux (with a quiescent
value subtracted) is shown along the left y-axis, and for the infrared data equivalent width
is shown along the right y-axis. Panel (k) shows the time used as the flare duration in
Table 6.1 (red line). The time of the peak u-band flux is shown in each panel (blue dashed
line). the infrared emission line fluxes are averaged over 8 exposures of 8 s each. The
total exposure time for each point is 64 s, but including instrumental overhead and time to
execute the nod pattern, the average cadence is 2.5 minutes. Small gaps in the infrared line
data are due to standard star observations.



192

    

0.0

0.2

0.4

0.6

0.8

1.0

1.2

F
lu

x
/(

P
e
a
k
 F

lu
x
)

Ca II K

Hδ

Hγ

He 4471

Pδ

He 10830

Pγ

Pβ

Bγ

a

5.0 5.5 6.0 6.5
UT Time

0.0

0.2

0.4

0.6

0.8

F
lu

x
/(

H
 γ

 F
lu

x
)

b

Figure 6.4 Line fluxes for the nine optical and infrared emission lines detected during the UT
2009 October 27 flare observed on EV Lac. In panel (a), the line fluxes are normalized to
their flux at the time of peak emission for Hγ (t = 4.97 hr). The normalization emphasizes
the different decay patterns. Panel (b) shows the ratios of the other eight emission lines to
the Hγ flux. the iR lines were binned to the same time resolution as the optical lines. The
vertical green dashed line shows the location of the flare peak in Hγ.
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emission) is often used as a proxy (Hawley et al. 1995; Osten et al. 2005). Section 6.5

describes our efforts to model the emission lines from this flare.

2010 November 27 Flare on EV Lac. We observed another flare with infrared line

emission on EV Lac on UT 2010 November 27. The flare peaked at ∆u = 1.68, and over

the course of t = 1.30 hr it emitted 5.5 ×1031 erg in the u band. We observed with both

ARCSAT and TripleSpec during the flare, and have photometry in g and r band in addition

to the u-band data. The photometry and the line flux lightcurves for Pβ, Pγ, and He 1

λ10830 are shown in Figure 6.5. There was no discernible emission in Pδ and Brγ.

This peculiarly shaped flare contains three separate peaks in the u-band photometry.

After the first and third peak, the flux seems to decay exponentially, but after the middle

peak there is a gentle rise in the u-band flux. TripleSpec was taking observations of a

standard star during the first peak of the flare, so it is unknown if the emission lines showed

the same fast rise exponential decay as the first photometric peak. The rise in Pβ and Pγ

line emission before and after the standard star gap suggests that those lines showed some

emission between the first and second peaks of the flare. An observed increase in infrared

line emission occurred ∼0.2 hr after the second peak in the u-band photometry, tracing a

gentle rise and decay.

The shape of this flare is very different than that of the UT 2009 October 27 flare on

EV Lac, and the relative line strengths are also different. In the previous flare, Pβ, Pγ, and

He 1 λ10830 emitted nearly the same peak flux. In this flare, He 1 λ10830 peaked at twice

the strength of the Pβ and Pγ lines, indicating a different pattern of atmospheric heating

during the two flares.

2011 February 14 flare on YZ CMi. On UT 2011 February 14, we observed a ∆U =

1.38 flare on YZ CMi with the NMSU 1 m, ARCSAT, and TripleSpec. The flare lasted

for t = 0.5 hr and released a total U -band energy of 4.4 ×1031 ergs. Figure 6.6 shows the

U , g, and r-band light curves (i band was also observed but showed no change during the

flare) and line fluxes from Pβ, Pγ, and He 1 λ10803 Å. This is the lowest energy flare with

any evidence of IR line emission, and the measured EWs were small (0.05–0.2 Å), which

provides a lower limit on the observability of IR line emission. With these small EWs, it

is difficult to compare the strengths of the emission lines; they are all the same strength
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Figure 6.5 Data from the UT 2010 November 27 flare observed on EV Lac. Panels (a), (b),
and (c) show the change in u , g , and r bands during the flare, and panels (d), (e), and (f)
show the flux (left axis) and EW (right axis) of the infrared emission lines detected during
the flare. Panel (d) shows the time used as the flare duration in Table 6.1 (red line). The
three dashed blue lines show the times when the three flare peaks occurred in the u band.
the infrared emission line fluxes are averaged over eight exposures of 5 s each. The total
exposure time for each point is 40 s; the average cadence is 1.7 minutes. The gaps in the
infrared line data are due to standard star observations.
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within the uncertainties.

The U -band light curve shows a fast-rise exponential-decay shape with a precursor event

0.1 hr before the main peak. the iR emission does not show the precursor or the initial rise

of the photometry. However, the co-added infrared measurements have an effective time

resolution of 2.5 minutes (due to the inclusion of time spent executing the nod pattern and

readout), which is insufficient to resolve those features.

6.4.2 How Often Does IR Line Emission Occur?

In order to determine the expected rate, or duty cycle, of infrared line emission, we first

defined detectable emission as approximately 1σ above the mean quiescent level. The length

of time with detectable emission is shown for each flare as the red horizontal line on the

Pβ light curve in Figures 6.3, 6.5 and 6.6 and given in Table 6.1. The total time spent in

emission for all three flares observed is 1.4 hr (out of 48.9 possible hr), which corresponds to

an IR flare emission duty cycle of 2.8%. Excluding VB 8, we calculate an IR flare emission

duty cycle of 3.1% (of 44.3 hr) for active mid-M dwarfs.

We can also place a limit on the duty cycle using the flare frequency distributions from

Hilton (2011), which give the number of u-band flares per unit time for each flare energy.

The u and U -band energies of the flares with accompanying infrared emission are all above

3×1031 erg, corresponding to a flare frequency <0.1 hr−1. Multiplying this emission time per

flare by the flares per hour gives a duty cycle of <4.6%, in agreement with our independent

estimate. A duty cycle of 2.8%–4.6% represents an upper limit on detectable emission at

this signal-to-noise and resolution, as our criterion requires only a small detection in the

brightest line.

6.5 Atmospheric Structure

We used the static NLTE radiative transfer code RH (Uitenbroek 2001) to generate model

spectra to compare with the emission lines observed in the UT 2009 October 27 flare on EV

Lac. We calculated model spectra based on one-dimensional atmospheres, using a 20-level

hydrogen atom, a 20-level calcium atom, and a 25-level helium atom. The multi-level atoms

were required to generate the lines observed, while the simplification to a one-dimensional
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Figure 6.6 Data from the UT 2011 February 14 flare on YZ CMi. Panels (a), (b), and (c)
show the change in U , g , and r bands during the flare, and panels (d), (e), and (f) show
the flux (left axis) and EW (right axis) of the infrared emission lines detected during the
flare. Panel (d) shows the time used as the flare duration in Table 6.1 (red line). The time
of the peak u-band flux is shown in each panel (blue dashed line). the infrared emission
line fluxes are averaged over 16 exposures of 4 s each. The total exposure time for each
point is 64 s; the average cadence is 2.5 minutes. The gap in the infrared line data is due
to standard star observation.
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atmosphere allowed us to examine a larger range of chromospheric structures without the

computationally intensive calculations required by a detailed treatment of flare physics (e.g.,

Allred et al. 2006).

For a starting atmosphere, we used a Nextgen photospheric model from a T = 3200

K solar metallicity dwarf (Hauschildt et al. 1999) and the corona of the pre-flare M dwarf

atmosphere model of Allred et al. (2006). Similar to Hawley & Fisher (1992), Christian

et al. (2003) and Fuhrmeister et al. (2010), we used chromospheres with a linear tempera-

ture rise in log column mass (log(col mass)) to connect the photosphere and corona. The

linear temperature rise is a simplification of the actual chromospheric structure during a

flare, but it is useful for an initial investigation of the temperatures required to generate

emission lines at each atmospheric height. To produce a suite of model atmospheres, we

varied the column mass of the transition region (log(col mass)TR), the column mass of the

temperature minimum region (log(col mass)Tmin), and the temperature of the chromosphere

at the bottom of the transition region (TTR). Figure 6.7 shows the temperature structure

of a representative subset of the resulting atmospheres and illustrates the three quantities

we varied.

Following Walkowicz (2008), we adopted our initial ranges for TTR, log(col mass)TR, and

log(col mass)Tmin from previous quiescent and flaring M dwarf chromosphere models (Haw-

ley & Fisher 1992; Mauas & Falchi 1994; Houdebine & Stempels 1997; Short & Doyle 1998a;

Walkowicz et al. 2008; Fuhrmeister et al. 2010). Table 6.3 shows the range of parameters

adopted for each of these three quantities, which differ from previous parameter ranges only

in TTR. Previous model atmospheres have relatively constant TTR ∼ 10,000 K, but our

initial models with a range of TTR = 10,000 K to 20,000 K underproduced Paschen emission

relative to Balmer emission, and showed a trend of increasing Paschen emission with greater

TTR. We increased the temperature of our hottest models to TTR = 30,000 K in order to

generate relatively more Paschen emission. Although TTR extends to hotter temperatures,

it is consistent with results from the radiative-hydrodynamic simulations from Allred et al.

(2006), which show that material at the base of the transition region can be heated up to

T = 106 K.

Comparing the strengths of the modeled lines to each other provides strong constraints
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Figure 6.7 Atmospheric temperature structure as a function of log(col mass) for a subset
of the atmospheres generated. Panels (a) and (b) show the entire atmosphere, while panels
(c) and (d) focus on the chromosphere. The panels (a) and (c) show the models generated
with a log(col mass)Tmin = 0 and panels (b) and (d) show log(col mass)Tmin = −1. Each
panel shows nine models, with a range of log(col mass)TR = −3.5 to −5.5 (blue dot-dashed
lines) and a range of TTR =20,000 K to 30,000 K (dotted green lines). Line fluxes ratios for
the spectra generated from these models are shown in Figure 6.8.

Table 6.3. Model Atmosphere Parameters

Parameter Range Best

log(col mass)TR −5.5 to −3.5 −5.5 to −4.5
log(col mass)Tmin −3 to 0 0
TTR 10,000 K to 30,000 K 25,000 K to 30,000 K
Tmin 2229 K to 3264 K 3264 K
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Figure 6.8 Line flux ratio to Hγ flux as a function of transition region temperature generated
from the models shown in Figure 6.7. Each line flux ratio is shown in a different color and
symbol, which is detailed at the top. The two rows show the line flux ratios from models
with different log(col mass)Tmin. For comparison, the observed median and range of each
line flux ratio are shown to the left of both rows. Each panel (a)–(f) shows models with a
different log(col mass)TR and three values of TTR. The dotted lines connecting the model
line fluxes are shown only to clarify the positions of crowded points. The models that best
represent the data are found in panels (a) and (b), with TTR = 25,000 K and 30,000 K.
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Figure 6.9 Atmospheric temperature structure as a function of log(col mass) for the best
fit model (log(col mass)Tmin = 0, log(col mass)TR = −3.5, TTR =25,000 K). The range of
formation depth is shown for each of the emission lines; the lines are grouped by type and
offset in Temperature for clarity.

on our suite of model atmospheres. The line flux ratios with respect to the Hγ line flux for

the best models are shown compared to the median and range of observed line flux ratios

in Figure 6.8. In general, a deeper Tmin (at log(col mass) = 0 or −1), a deeper transition

region (at log(col mass) = −3.5 or −4.5), and a hotter chromosphere (with TTR = 25,000

K or 30,000 K) better reproduce the line flux ratios observed during the flare. The line

formation regions (where the contribution function for each line is greater than 25% of its

peak value) for one model are shown in Figure 6.9.

Most of the lines are produced over regions that include the outer portion of the chro-

mosphere, at log(col mass) = −3.5 and T = 25,000 K. Hγ, the strongest emission line we

observed, is formed over the smallest portion of the chromosphere, with its highest temper-

ature at T = 20,000 K. He 1 λ4471 and He 1 λ10830 form over slightly different regions of

the atmosphere, with He 1 λ10830 tracing slightly higher temperatures.

During the flare observations, the ratio of Hδ to Hγ is relatively constant. Hδ is slightly
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overproduced in the models compared to observations, but is similar in each of the models.

He 1 λ4471 emission is weak (with a ratio to Hγ of ∼ 0.1–0.3) in both the models and

the observations. The ratios of the Paschen series lines and Brackett γ to each other

are relatively constant throughout the flare, and those ratios are well produced in every

atmospheric structure. The ratio of the Paschen lines and Brγ to Hγ, however, is matched

only in the models with a log(col mass)Tmin = 0. Because these lines are sensitive to the

hottest regions of the chromosphere, the advantage of the log(col mass)Tmin = 0 is likely an

increased amount of material at temperatures near T = 20,000 K due to a shallower slope

in the chromosphere.

The ratio of Ca 2 K to Hγ and to the other hydrogen series lines is best produced in the

models with the deepest Tmin, a deep transition region (log(col mass)TR = −3.5 or −4.5),

and a hot TTR = 25,000 K or 30,000 K. In all other models, Ca 2 K is underproduced relative

to the Paschen series lines. As shown in Figure 6.9, the Ca 2 K emission in the best-fit

model is formed over a larger range of log(col mass) than any other line. The production of

Ca 2 K in a region that includes the upper chromosphere is unusual compared to previous

results; typically, Ca 2 K emission during a flare is thought to last longer because it is a lower

temperature line (Houdebine 2003; Crespo-Chacón et al. 2006). Our cooler atmospheres,

where Ca 2 K emission is formed only in lower temperature regions, do not produce enough

Ca 2 K emission relative to Paschen series emission to match our observations.

He 1 λ10830 is underproduced in nearly every model. During the flare, its observed

ratio compared to Hγ increases from 0.1 to 0.5, while all our models show line flux ratios

of 0.1 or less. This mismatch is apparently worse in one of the other two flares observed;

as discussed in Section 6.4, He 1 λ10830 is stronger compared to Pβ and Pγ (the two other

lines observed) in the UT 2010 November 27 flare on EV Lac. Simply raising the TTR in

our models produces too much Ca 2 K but no additional He 1 λ10830. In the Sun and

similar stars, He 1 λ10830 emission is produced in the upper chromosphere during flares

as a result of helium ionization via backwarming from coronal UV flux (Mauas et al. 2005;

Sanz-Forcada & Dupree 2008). A similar process could be leading to the He 1 λ10830

emission during M dwarf flares, but the details of backwarming from coronal emission are

not yet fully implemented in the RH atmosphere code.
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While one-dimensional atmosphere models can match the line flux ratios of most of the

lines as a sequence of static snapshots, they cannot reproduce the time evolution of the flare.

In our observations, Ca 2 K, the Paschen lines, Brγ, and He 1 λ10380 Å all rise relative to

Hγ during the decay phase of the flare. The best fitting models in our suite of atmospheres

indicate that an increase in Ca 2 K is always coupled with a decrease of the Paschen and

Brackett lines. The time evolution of flares may involve different atmospheric components

covering the surface of the star with changing filling factors (e.g., Kowalski et al. 2010). It

is possible that a linear combination of two or three different one-dimensional atmospheres

with changing filling factors would reproduce the time-evolution of this flare.

6.6 Summary

During nearly 50 hr of simultaneous photometric and spectroscopic observations on 4 active

M dwarfs, we saw 16 total flares, 3 of them with accompanying infrared emission lines. The

strongest flare (∆u = 4.02) occurred on EV Lac on UT 2009 October 27. It showed emission

from Hγ, Hδ, He 1 λ4471, Ca 2 K, Pβ, Pγ, Pδ, Brγ, and He 1 λ10830. A weaker flare (∆u

= 1.68) on EV Lac on UT 2010 November 27 showed only emission from Pβ, Pγ, and He 1

λ10830. Remarkably, the He 1 λ10830 emission was twice as strong compared to Pβ and

Pγ as it was in the ∆u = 4.02 flare. The weakest flare with infrared emission (∆U = 1.38)

occurred on YZ CMi on UT 2011 February 14; Pβ, Pγ, and He 1 λ10830 were just above

their detection limits. We estimate a duty cycle of 2.8%–4.6% for observing the strongest

infrared emission line (Pβ) during flares on active mid-M dwarfs. These observations confirm

that flares are detectable in the infrared portion of M dwarf spectra, which is much brighter

in quiescence than the bluer portions of M dwarf spectra which are typically used to detect

flares.

Using a hotter chromosphere than previous one-dimensional static flare models (e.g.,

Christian et al. 2003; Fuhrmeister et al. 2010), the ratios of Ca 2 K, He 1 λ4471, Hδ, the

Paschen lines, and Brγ to Hγ can be relatively well reproduced. The generation of Ca 2

K in the hot, upper portion of the atmosphere is distinct from previous results, and is

necessary to produce more Ca 2 K than Paschen series emission, which is observed during

our strongest flare. This result confirms that infrared emission is a useful constraint on the



203

atmospheric heating during M dwarf atmospheres.

The strength of emission from He 1 λ10830 is not predicted from our one-dimensional

model, but including a detailed treatment of backwarming from the corona (e.g., Allred et al.

2006) may be warranted, based on solar results. Modeling He 1 λ10830 is also complicated

by its different emission strengths compared to Pβ and Pγ in the two flares on EV Lac, but

these differences show that He 1 λ10830 has potential to constrain different backwarming

scenarios during a variety of flares. The time evolution of the largest flare is not reproduced

by our one-dimensional models, but a combination of multiple models with different filling

factors (e.g., Walkowicz 2008; Kowalski et al. 2010) or detailed radiative hydrodynamic

modeling with non-thermal beam heating (e.g. Allred et al. 2006) may provide a better

match to the flare emission.
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Chapter 7

CONCLUSIONS

The goals of this dissertation were to: (a) use kinematics as a tool to understand the

ages of stars and brown dwarfs and (b) explore the chromospheric temperature structure of

M and L dwarfs using atomic emission lines. Each chapter described a distinct project with

the ultimate aim of reaching these goals, and here I will attempt to synthesize the main

results. In this chapter I will summarize the main points of each chapter, provide broad

conclusions that span several of the chapters, and highlight some areas that are particularly

ripe for additional work.

7.1 Summary

In Chapter 2, I presented a sample of L dwarfs spectroscopically selected from SDSS DR7.

Using a combination of data from SDSS and 2MASS, I calculated three dimensional space

velocities and examined a variety of L dwarf colors. Because this sample of L dwarfs was

selected based on SDSS i − z colors, I uncovered a bias in previous samples of L dwarfs

towards objects with redder J − KS colors and discovered a nearby blue L dwarf within

10pc of the Sun. These data also indicated that early-L dwarfs are not dynamically distinct

from disk stars, and an examination of L dwarf kinematics revealed both thin and thick

disk components. The kinematics of the early-L dwarfs presented in this chapter did not

reveal a young brown dwarf component included with the older disk stars.

The findings from the SDSS L dwarfs indicated that a complete sample of mid- to

late-L dwarfs that were not observed by SDSS in large numbers, might show that kinematic

signature we expect from young brown dwarfs. In Chapter 3, I described a project to obtain

radial velocities for a volume-limited sample of L dwarfs. Over the course of 3 years and 23

half nights, I observed 116 L dwarfs with TripleSpec, a near infrared spectrograph at APO.

These data proved difficult to reduce, and despite attempts with six different reduction
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packages, the reduced spectra are not yet of sufficient quality for the measurement of radial

velocities. The curved, tilted orders of the raw data have proven difficult to fit, and the poor

fits to curvature and tilt interfere both with the wavelength solution and sky subtraction. I

identify some areas where modifications are needed to Firehose to possibly produce sufficient

quality spectra.

In Chapter 4, I described the BOSS Ultracool Dwarf Sample, which includes 12,085 late-

M and L dwarfs from a combination of SDSS DR7 and BOSS data. I presented initial WISE

colors for a large sample of late-M and early-L dwarfs; similar to colors using 2MASS JHKS

bands, the WISE colors of these dwarfs were not a strong function of spectral type. The

combination of WISE, 2MASS, and SDSS data resulted in three epochs of astrometry that

enabled the measurement of proper motions for the majority of the BUD sample. i combined

these proper motions with radial velocities from SDSS spectra to calculate three dimensional

kinematics. The velocity dispersions of the BUD sample show no significant variation as

a function of spectral type, indicating a lack of young brown dwarfs in the sample. The

correlations between activity and kinematics show that age/activity relationships extend to

L spectral types.

The Hα detections in the BUD sample also proved ideal for exploring the chromospheres

of ultracool dwarfs. Chapter 5 presented the activity strengths and fractions for late-M

and L dwarfs. To place constraints on the chromospheres needed to produce the observed

trends from those and other data, I simulated a range of chromospheric structures and

filling factors using the NLTE radiative transfer code RH (Uitenbroek 2001). I found that

the chromospheres of early-M dwarfs are much hotter and cover a larger fraction of the

surface than those of late-M and L dwarfs.

In Chapter 6, I presented the first detection of infrared line emission during an M dwarf

flare as part of a campaign to monitor active early- and mid-M dwarfs. The observing

campaign resulted in a total of 16 flares found from 50 hours of observing, with emission in

He I 10830Å and Paschen series lines observed during the three largest flares. Using RH,

I modeled the atmosphere of EV Lac during the strongest flare. Based on the ratios of

Paschen to Balmer lines, I found that a very hot chromosphere is needed to reproduce the

ratios of the infrared line strengths to Ca II emission in the optical.
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7.2 Concluding Themes

SDSS data are an important resource for discovery and analysis of late-M and L dwarfs.

The SDSS i− z color is better correlated with spectral type than the 2MASS J −KS color,

resulting in a less biased color selection. The large number of spectra taken as a part of

SDSS are essential to a complete sample of L dwarfs, as the large number of spectra taken

don’t require strict color cuts to exclude late-M dwarfs.

The dispersions presented in both Chapter 2 and Chapter 4 are evidence that late-M

dwarfs and early-L dwarfs are dynamically indistinct populations; young brown dwarfs are

not sufficiently numerous to dominate the kinematics of L0-L3 dwarfs. The effect may

become more important for mid-L dwarfs, where the expected numbers of brown dwarfs are

larger.

The age activity relationship that holds for early- and mid- M dwarfs (and is an adapta-

tion of that of solar-type stars) appears to extend certainly to the end of the M spectral class

(M7-M9) and may extend to L spectral types as well. Activity is very common in L dwarfs,

with the activity fraction presented in Chapter 5 showing they are perhaps more frequently

active than late-M dwarfs. This high fraction is consistent with evidence of strong magnetic

fields in ultracool dwarfs. Hα emission on L dwarfs is weak, however, and produced by a

cool, compact chromosphere.

The temperature structure needed to produce Paschen series emission observed during

flares is much hotter than that needed to produce Hα. This does not bode well for attempts

to observe Paschen emission from quiescent late-M and L dwarfs. No infrared emission lines

were found during the observations for Chapter 3, indicating that the Paschen emission is

weak or not present for dwarfs in quiescence.

The observed duty cycle for infrared line emission (∼3%) in active early- to mid-M

dwarfs is not very high, but the lines did prove useful for constraining the chromospheric

temperature structure. While there are many lines in the optical and ultraviolet that provide

similarly strong constraints, the infrared lines provide a complementary set of constrains

and have the advantage of being relatively easy to observe due to the brightness of cool and

ultracool dwarfs in the infrared.
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7.3 Additional Areas for Exploration

The most pressing question not addressed in this dissertation concerns the kinematics of

mid- to late-L dwarfs. Do they show a bias towards younger brown dwarfs? Or are the

velocities of these young objects simply not a significant contribution to the kinematics of

the entire population? Additional observations, including perhaps the successful reduction

of the spectra presented in Chapter 3, are needed to address these questions.

The characteristics of Hα on mid- and late-L dwarfs is another area that should be

addressed with future observations. Does weak activity exist on most of these dwarfs, or is

the coupling between the magnetic field and the atmosphere entirely quenched? If there is

Hα emission, indicating the presence of a chromosphere, on late-L dwarfs, is there a spectral

type past which the atmosphere is too cool to sustain a chromosphere?

This dissertation presented the assembly and some initial results for the BUD sample,

but there are many other properties to analyze and results to examine. The correlation

between age and J −KS color presented in Chapter 2 has not yet been explored in late-M

dwarfs, and other colors may have similar correlations. Additionally, the sample should be

investigated for young moving group members, old halo stars, and common-proper motion

binaries.

The bias in many of the known L dwarfs towards bluer objects and the discovery of

the peculiarly blue L dwarf within SDSS indicates that the current luminosity function of

L dwarfs underestimates the true density of these objects by ∼5%, but the effect could be

larger. As the BUD sample is expanded through BOSS observations during the next two

and a half years, it will become an excellent sample for determination of the luminosity

function of L dwarfs.
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2003, ApJ, 593, L105

Cohen, M., Wheaton, W. A., & Megeath, S. T. 2003, AJ, 126, 1090

Covey, K. R., et al. 2007, AJ, 134, 2398

Cram, L. E., & Giampapa, M. S. 1987, ApJ, 323, 316

Cram, L. E., & Woods, D. T. 1982, ApJ, 257, 269

Crespo-Chacón, I., Montes, D., Garćıa-Alvarez, D., Fernández-Figueroa, M. J., López-
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