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Abstract

We present the results of a 0.6 to 4.1 11m spectroscopic survey of a sample of very

low-mass stars and brown dwarfs with spectral types ranging from MO V to T5 V. The

survey was conducted with SpeX, a 0.8 to 5.5 11m, medium-resolution spectrograph and

imager on the NASA Infrared Telescope Facility. We developed a data reduction package

for SpeX called Spextool which performs all the steps necessary to produce fully reduced

spectra including preparation of calibration frames, processing and spectral extraction of

science frames, wavelength calibration of spectra, and flux calibration of spectra.. We have

identified the most prominate atomic and molecular absorption features including "-'100 new

FeR features, "-'30 new CR4 features, a new band of VO, and ",80 atomic features. We have

also derived the bolometric luminosities and effective temperatures of the dwarfs. Finally,

by comparing the dwarf spectra to synthetic spectra computed from model atmospheres we

show, for the first time, spectroscopic evidence for the prescence of condenstate clouds in

the atmospheres of brown dwarfs.
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Chapter 1

Introduction

1.1 Historical Overview

The study of brown dwarfs (BDs) has its roots in the pioneering theoretical work of

Kumar (1963) and Hayashi & Nakano (1963) who independently discovered that below

a certain mass, called the Hydrogen Burning Minimum Mass (HBMM), the onset of

electron degeneracy in the cores of low-mass "stars" prevents their central temperatures

from reaching the critical value necessary for hydrogen fusion. Such a "star", called a black

dwarf by Kumar (1963), cannot reach an equilibrium configuration in which its surface

radiative losses are balanced by the energy generated from H fusion and consequently it

continues to cool for the entire age of the Universe. Current theory (Chabrier & Baraffe

1997) places the HBMM at MHBMM ~ 0.075 Me;) for solar metallicity.

It took another thirty years, however, before an actual BD was discovered. In the

intervening years, numerous searches for BDs were conducted in the field (Boeshaar et al.

1986), in clusters (Simons & Becklin 1992), and around other stars (Becklin & Zuckerman

1988) but no BDs were found. It was during this time period that the term "brown dwarf"

was coined by Tarter (1975, 1986) to convey the inability of astronomers to estimate a

meaningful color temperature of a BD due to woefully incomplete opacities1 . The study

of the low-mass end of the main sequence, however, was proceeding at a rapid pace

1We now know the color of brown dwarfs is magenta (Burrows et al. 2001)
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culminating in the creation of a well-defined spectral classification system for the M dwarfs

by Kirkpatrick et al. (1991, 1995).

The turning point came in 1995 with the discovery of four BDs, PPI 15 (Basri et al.

1996), Tiede 1 and Calar 1 (Rebolo et al. 1996), and Gl 229B (Nakajima et al. 1995).

PPI 15, Tiede 1, and Calar 1 are members of the Pleiades cluster and were shown to have

substellar masses using what was then a relatively new technique called the "lithium test"

(Rebolo et al. 1992, see §1.3.2). Gl 229B was discovered around the early-type M dwarf Gl

229A (d=5.57 pc) in a coronographic search for companions to nearby stars. Its broadband

photometric colors indicated its bolometric luminosity was L bol :s 10-5 L0 , well below the

luminosity of the lowest mass stars (see §1.3.1). Followup near-infrared spectroscopy by

Oppenheimer et al. (1995) revealed the presence of CH4 absorption in the H- and K-bands

reminiscent of the spectrum of Jupiter (Danielson 1966). Although in retrospect PPI 15,

Tiede 1, and Calar 1 were the first BDs discovered, at the time the astronomical community

remained skeptical. In contrast, the acceptance of Gl 229B as a bona fide BD was immediate

because its low luminosity, combined with the detection CH4 in its near-infrared spectra,

was considered ironclad proof of its substellar mass.

Additional BDs such as Kelu-l (Ruiz et al. 1997) and G196-3B (Rebolo et al. 1998)

were discovered soon after but the biggest advance in the search for BDs came with the

commencement of three wide-field sky survey: the 2 Micron All Sky Survey survey (2MASS;

Skrutskie et al. 1997), the Deep Near Infrared Southern Sky Survey (DENIS; Epchtein et al.

1997), and the Sloan Digital Sky Survey (SDSS; York et al. 2000). Together these surveys

have identified hundreds of objects with spectral types cooler than M9 V. The spectra

of these objects were sufficiently distinct from that of the latest M dwarfs, that two new

spectral classes, L (Kirkpatrick et al. 1999; Martin et al. 1999b) and T (Burgasser 2001;

Burgasser et al. 2002a), were added to the original MK system (Morgan et al. 1943), the

first major additions in nearly 50 years. There are now over 150 BDs known and the number

continues to rise.
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The theoretical understanding of low-mass stars and BDs has also advanced in parallel

with the observations. Atmospheric models now include tens of millions of molecular

transitions in the calculation of the opacity, detailed equilibrium chemistry calculations

(Lodders 1999; Burrows & Sharp 1999), a rudimentary treatment of dust sedimentation

and cloud formation, (Marley et al. 2002; Tsuji 2002), dust opacity (Allard et al. 2001)

and the effects of the highly pressure-broadened alkali element lines (see §1, Burrows &

Volobuyev 2003). These non-gray atmospheric models are also used in evolutionary models

as boundary conditions to the internal structure equations (Burrows et al. 1997; Chabrier

& Baraffe 1997).

In recent years, the focus of the BD community has shifted away, at least in part, from

searching for BDs to characterizing their properties including the fundamental physical

parameters Lbol, Tell, logg, and [M/H] (Leggett et al. 2001; Schweitzer et al. 2001), the

initial mass function (Reid et al. 1999; Luhman et al. 2003), multiplicity (Reid et al. 2001b;

Burgasser et al. 2003b), formation mechanism (Reipurth & Clarke 2001), activity (Liebert

et al. 2003), and photometric and spectroscopic variability (Martin et al. 2001; Bailer-Jones

& Mundt 2001; Goldman & The Clouds Collaboration 2003). In less than a decade, the

study of BDs has grown from a purely theoretical one, to one of the most exciting and

active fields in astronomy.

1.2 Observations of M, L, and T Dwarfs

The observations of M, L, and T dwarfs are extensive and a full review is beyond the

scope of this work (see however Reid & Hawley 2000). Since this dissertation is concerned

with spectroscopy of M, L, and T dwarfs, in this chapter we focus primarily on previous

spectroscopic observations although we also discuss the MJ versus J - K color magnitude

diagram at the end of this section. Figure 1.1 a shows the 6000-10000 A spectra of a sample

of M, L, and T dwarfs. The spectra were collected from Kirkpatrick et al. (1999, 2000) and

3



Burgasser et al. (2003a) and have a resolution (~A) of 9A which corresponds to a resolving

power of R= AI~A ~ 1000.

The M dwarf spectra exhibit molecular bands of TiO and VO, the K I resonance doublet

at 7700 A and the Na I doublet at 8190 A. The VO bands at 7400 A and 7900 A do not

exhibit strong bandheads and only appear at the latest spectral types. Kirkpatrick et al.

(1991, 1995) devised a spectral classification scheme based on the color (slope) of the spectra

and the band depths of these features.

The discovery of numerous objects with spectral types cooler than M9.5 V by the 2MASS

and DENIS infrared sky surveys prompted two groups (Kirkpatrick et al. 1999; Martin et al.

1999b) to define a new spectral class, 'L'. The Kirkpatrick et al. (1999) system is used more

often in the literature so hereafter we give the spectral types of L dwarfs in this system.

The hallmark features of the M dwarfs, the TiO and VO bands, weaken and disappear in

the early L dwarfs and are replaced by absorption bands of FeH (8692 A) and CrH (8611

A). The strength of the CrH band peaks at a spectral type of rvL5 and weakens at later

spectral types. In addition to these hydride bands, lines due to the alkali elements, Na I

(5890, 5896, 8183, 8195 A), K I (7665, 7699 A), CS I (8521, 8943 A), and Rb I (7800, 7948

A), become prominent in the spectra of L dwarfs. In particular, the K I resonance doublet

lines (7700 A) are highly pressure-broadened and come to define the continuum level 300 A

away from the line center (Burrows et al. 2000) in the spectra of the latest L dwarfs. The

Na I D lines also show pressure broadening and suppress the flux shortward of 7000 A.

In contrast to the spectra of the M and L dwarfs, the spectra of the T dwarfs (Burgasser

et al. 2003a) are relative smooth due primarily to the pressure-broadened wings of the Na D

and K I lines which continue to dominant the spectra. The Rb I lines are weak, most likely

due to their proximity of the K I line cores, but Cs I lines remain prominent until a spectral

type of rvT6, at which point they weaken. H2 0 bands at 9250 and 9450 A strengthen

markedly through the T sequence and Burgasser et al. (2003a) have tentatively identified a

CH4 band at 8950 A. Although Burgasser et al. (2003a) have defined a classification system

for T dwarfs based on the strengths of these atomic and molecular features, it has currently

4
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little practical use since only lO-meter class telescopes can obtain spectra of T dwarfs with

sufficiently high signal-to-noise ratios.

The near-infrared regime is a natural place to study M, L, and T dwarfs since their

spectral energy distributions all in the near infrared. Figure 1.1 b shows the 0.9 to 2.5 J.Lm

spectra of a sample of M, L, and T dwarfs which we have collected from a number of sources

including Leggett et al. (1996), Leggett et al. (2001), Leggett et al. (2000b), and Burgasser

et al. (2002a) The spectra have low R ranging from 500 to 200. Until the very recent work of

McLean et al. (2003) and this dissertation, these spectra were representative of the quality

of published near-infrared spectra of M, L, and T dwarfs.

The M and L dwarf spectra are dominated by absorption bands of H20 centered at 1.13,

1.4, and 1.9 J.Lm. Additional molecular bands include FeH (0.9896, 1.2 J.Lm) and CO at 2.29

J.Lm. The J-band is rich in atomic features including the two K I doublets (1.169, 1.117,

1.243, 1.252 J.Lm), and the Na I doublet (1.138, 1.141 J.Lm). The T dwarfs are brightest in

the near-infrared regime so it is not surprising that the first spectral classification scheme

was devised using near-infrared spectra (Burgasser 2001; Burgasser et al. 2002a). Hereafter

we give spectral types of T dwarfs in this system. The defining characteristic of T dwarfs

is the presence of CH4 absorption bands at 1.15, 1.6 and 2.2 J.Lm. Geballe et al. (2002)

have devised a spectral classification scheme for late M, L, and T dwarfs using the smooth

variation in the depths of the H20 and CH4 bands as a spectral type indicator. In general,

the optical and near-infrared schemes agree (see however Geballe et al. 2002).

Limited observations of Land T dwarfs have also been carried out at longer wavelengths.

Noll et al. (1997) detected the fundamental CO band at 4.7 J.Lm in the spectrum of Gl229B.

The implied CO abundance is in excess of what is expected from chemical equilibrium

indicating non-equilibrium chemistry (Saumon et al. 2003b) may be occurring in the

atmospheres of BDs. Noll et al. (2000) have also identified the 1I3 fundamental band of

CH4 at 3.3 J.Lm in the spectra of late L dwarfs.

Figure 1.2 shows a sample of M, L, and T dwarfs in an (MJ ,J - K) color-magnitude

diagram. The M dwarfs descend the diagram at a constant color of J - K ~0.8. The late M

6
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Figure 1.2 (Mj, J - K) color-magnitude diagram in the MKO photometric system
(Tokunaga et al. 2002) for M (blue), L (red) and T (magenta) dwarfs. The sample is
drawn from Leggett (1992), Dahn et al. (2002), Leggett et al. (2002), and Tinney et al.
(2003). All photometry is given in the MKO photometric system (Tokunaga et al. 2002).

dwarfs and L dwarfs become progressively redder with decreasing Mj reaching a maximum

of J - K ~ 2.0 at a spectral type of L8 V. The transition between L and T dwarfs is marked

by a brightening of Mj and a rapid blueward evolution of J - K to -0.4. The blue J - K

colors of T dwarfs are caused by the suppression of the K-band flux due to CH4 absorption

and H2 collision induced absorption (CIA) (Borysow et al. 1997). We give an explanation

of the behavior the dwarfs in this diagram in §1.3.4.

1.3 Theory of Low-Mass Stars and Brown Dwarfs

1.3.1 Hydrogen Burning Minimum Mass

Normal stars are distinguished from BDs on the basis of stable hydrogen thermonuclear

fusion reactions occurring in their cores. It is useful to review the process by which stars

form since fusion reactions are a natural consequence of this process. The standard theory

7



of low-mass star formation (Shu, Adams, & Lizano 1987) begins with the formation of

a protostar (or proto brown dwarf) from the gravitational collapse of a cold (T<100 K),

dense (n > 104 cm-3) molecular cloud core. As the protostar continues to contract, its

central temperature Tc increases due to the conversion of gravitational potential energy

into thermal energy. Observationally the protostar descends the HR diagram at an almost

constant T eff along a fully-convective Hayashi track (Hayashi 1961).

Since the opacity in the core decreases with increasing Tc, the radiative temperature

gradient eventually becomes shallower than the adiabatic temperature gradient for

protostars with M i2: 0.35 Mev (Chabrier & Baraffe 1997) resulting in the formation of

a radiative core. The protostar transitions onto the Henyey track (Henyey et al. 1955)

and continues to evolve towards the main sequence at an almost a constant luminosity.

Protostars with M ;S 0.35 Mev continue to evolve down the Hayashi track and remain fully

convective (save for their small radiative atmospheres) for the entire age of the Universe.

Hereafter we refer to stars with M<0.35 Mev as very low-mass (VLM) stars.

Regardless of whether or not the protostar develops a radiative core, when Tc reaches

the critical temperature for H fusion (T~it ~ 3 X 106 K) the pp-I chain,

IH+ IH ---'- 2H+ 0e+ + 0v1 1 -r 1 1 Oe

iH + ~ H =? ~He + 8')'
~He + ~He =? ~He + ~H + ~H,

(1.1 )

(1.2)

(1.3)

(Hansen & Kawaler 1994) commences. When the energy generated by the pp-I chain

is sufficient to balance the radiative loss from the surface, the protostar settles onto the

hydrogen-burning main sequence.

The interiors of stars are in the ideal gas regime so T <X P / p. Hydrostatic equilibrium

implies Pc <X M2/R4 , where Pc is the central pressure of the star, M is the mass of the

star and R is the radius of the star. Combining the two approximations gives T c <X M2/3

8



p1/ 3 . Therefore, stars of lower and lower masses have to contract to higher and higher

densities in order for T c to reach T:t.it. At such high densities (Pc ~ 5000 g cm-3) and

low temperatures (Tc ~106 K), however, the electrons becomes partially degenerate. A

measure of the degeneracy of an electron gas is given by the degeneracy parameter (Burrows

& Liebert 1993),

(1.4)

where f-tF is the Fermi energy in the degenerate limit, k is Boltzmann's constant, h is

Planck's constant, me is the mass of an electron, NA is Avogadro's number, and f-te is the

mean molecular weight per electron. If TJ « 1, the electrons are in the classical regime

while if TJ » 1, the electrons are degenerate. As an example, a 0.08 Me') dwarf has TJ ~6

(assuming f-te=1.143) at an age of 1 Gyr (Burrows et al. 1997) which means the core is

partially degenerate.

As degeneracy becomes more important in the core of a contracting protostar, a larger

fraction of the energy liberated from its gravitational contraction is used to move the

degenerate electrons closer together rather than increasing T c and as a result, T c reaches a

maximum temperature (Tmax ) as can be seen in Figure 1.3. If T max < T:f.it' the object is

a BD. If T max ~ TcI[.it' then there are three possible outcomes:

1. The energy generated by the pp-I chain balances the surface radiative losses and the

star settles onto the main sequence,

2. The energy generated by the pp-I chain does not balance the surface radiative losses

resulting in further contraction of the object and a decrease in Tc' The increase in Pc

due to further contraction of the protostar enhances the energy output (E ex: p1.3 T 6.3 ,

Burrows & Liebert (1993)) of the pp-I chain balancing the surface radiative losses at

which time the star settles onto the main sequence,

3. The energy generated by the pp-I chain does not balances the surface radiative losses

resulting in further contraction of the object and a decrease in T c . Pc does not increase

9



4)(10'

;:
3)(10'

-3 -2.5 ·2 -1.5 -1 -.5Lo.10 (Ace) (Gyrs)
o .5

Figure 1.3 The evolution of the central temperature (Tc) of VLM stars (0.08 to 0.2 M0 ,

blue), BDs (15 to 73 MJ, red) and "planets" (0.3 to 13 MJ, red). The distinction between
a BD and a planet' is b n the whether or no the h ject fus deu dum (
§1.3.2). (figure courtesy of Adam Burrows and the Reviews of Modern Physics)
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fast enough to counteract the decreasing T c and the fusion reactions are extinguished

after a finite amount of time resulting in a BD.

The lowest mass at which case 2 is applicable is the HBMM and is MHBMM ~ 0.075

Me;) (Chabrier & Baraffe 1997) for solar metallicity. The HBMM increases with decreasing

metallicity and is 0.092 Me;) for M/H=O. For a given mass, less opacity in the atmosphere

results in a lower central temperature and an increase in the rate of energy loss from the

surface. A higher mass is thus required to be reach an equilibrium configuration where the

surface radiative losses are balanced by the energy generated from H fusion.

1.3.2 Deuterium and Lithium Fusion

In addition to fusion of H by the most massive BDs, BDs with M > 0.012 Me;) have central

temperatures high enough (T{/.it = 4 X 105 K) to burn deuterium via the reaction,

(1.5)

(Chabrier et al. 2000a) and BDs with M > 0.06 Me;) have central temperatures high enough

(T{;.it = 2 X 106 K) to burn lithium via the reactions,

~H+ ~Li ~

IH + 6Li ~1 3

2~He

~He+ ~He,

(1.6)

(1.7)

(Rebolo et al. 1992). Li and D remain well mixed throughout dwarfs with M ~0.35 Me;) due

to convection and as result, D is fully depleted from objects with M > 0.012 Me;) in ",5 x

107 yr and Li is fully depleted in objects with M > 0.06 Me;) in ",2 x 108 yr.

To first order then, VLM stars have no lithium in their atmospheres while BDs retain

their primordial abundance of Li. This prompted Rebolo et al. (1992) to propose the

"lithium test" whereby the detection of the resonant 7Li line at 6708 A in the spectrum

11



of a late-type dwarf indicates its mass is substellar. Although the finite amount of time it

takes to burn Li must be accounted for (Basri 1998), the lithium test has been successfully

used to identify scores of BDs in young clusters (Stauffer et al. 1998) and in the field

(Kirkpatrick et al. 1999; Martin et al. 1999b). A similar "deuterium test" has been proposed

by Chabrier et al. (2000a) that can be applied to younger brown dwarfs since full D depletion

takes less time than full Li depletion. Detecting D depletion will prove difficult, however,

since the most distinct spectroscopic signature of D are the lines of HDO and OD from

2.8-1O.0JLwhere the atmosphere is nearly opaque. In addition, high signal-to-noise ratio

spectra with resolving powers of R=30,000 are required.

1.3.3 Interiors and Evolution

As described in §1.3.1, the interiors of stars with M<0.35 M0 are fully convective. Since

the temperature gradient in the interior of these stars is given by the adiabatic temperature

gradient, the pressure and density are related by an n=1.5 polytrope of the form Pcx p5/3.

The equation of state (EOS) for a non-relativistic completely degenerate (T=O K) gas,

[ ]

5/3

Pe= 1.004 X 1013 :e dyne cm-2 (1.8)

where JLe is the mean molecular weight per free electron (Burrows & Liebert 1993), also

has the form of a n=1.5 polytrope. As a result, the interior structure of low-mass stars

and BDs can to first order, be described using the well-established polytropic analysis

(Chandrasekhar 1939). Burrows & Liebert (1993) developed an analytical model of the

evolution (Teff(t,M), Lbol(t,M)) of BDs, including an estimate of the HBMM, using such a

technique.

Although a polytropic analysis leads to a qualitatively correct view of the evolution of

low-mass stars and BDs, only numerical simulations taking into account the correct equation

of state, atmospheric boundary conditions, etc., can provide a quantitative description of

their evolution. There are two sets of evolutionary calculations of low-mass stars and brown

12



dwarfs commonly used today, the Tuscon models (Burrows et al. 1997) and the Lyon models

(Chabrier & Baraffe 1997; Chabrier et al. 2000b; Baraffe et al. 2003). Figures 1.4-1.6 show

the evolution of the luminosity, effective temperature and radius of VLM stars and BDs as

a function of time from Burrows et al. (2001) based on the calculations of Burrows et al.

(1997).

Except at very early ages, the behavior of L bol and Tell for VLM stars and BDs is

similar, steadily declining with time. A bifurcation between stars and BDs occur at t~3

Gyr when the L bol and Tell of the lowest mass stars stabilize as they settle onto the main

sequence. The HBMM occurs at ",6.0 x 10-5 L0 and 1700-1750 K (Burrows et al. 2001).

The plateau in L bol and Tell between 3 and 10 Myr is caused by deuterium burning which

stabilizes Lbol and Telf for a time. The bolometric luminosities and effective temperatures

of young BDs and old dwarf stars are similar which makes identifying bona fide BDs difficult.

Note also that the M, L, T sequence is an evolutionary sequence for BDs.

The evolution of the radius (in units of 109 cm) with time is shown in Figure 1.6. The

plateau in radius between 3 and 10 Myr is caused by deuterium burning which, like Tell

and L bol , stabilizes R for a time. The radii of the stars (blue) eventually become constant

as they settle onto the main sequence. At t>300 Myr, the radii for the BDs are roughly

constant at R~l RJ (RJ=O.lO R0 ). This is a result of the competition between the EOS

for an incompressible fluid which gives R <X M I /3 and the EOS for a degenerate electron

gas which gives R <X M- I /3. As a result, the radii of BDs are nearly constant over an order

of magnitude in mass.

1.3.4 Atmospheres

Atmospheric models playa central role in our understanding of VLM stars and BDs because

they 1) act as a boundary condition for interior models and 2) are used to compute

emergent spectra that can be compared with observations to infer Tell, logg, and [MjHJ.

However, the formation of molecules at T~4000 K and condensates at T~2400 K greatly

complicates the modeling of these cool atmospheres. Nevertheless, due to improvements in
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in Figure 1.3. The gold dots mark the position at which 50% of the deuterium has been
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(figure courtesy of Adam Burrows and the Reviews of Modern Physics)

sa'2000.....
J

1500

1000

500

·2.5 ·2 ·1.5 ·1 ·.5
Lo", (Ace) (Gyn)

o .5
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in Figure 1.3. The gold dots mark the position at which 50% of the deuterium has been
burned and the magenta dots mark the position at which 50% of the lithium as been burned.
The dashed lines denote the approximate t mperature ranges of the L and T dwarfs. (figure
courtesy of Adam Burrows and the Reviews of Modern Physics)
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Figure 1.6 The evolution of the radius with time for the same masses shown in Figure 1.3.
The radius of Jupiter is shown as a dashed line. (figure courtesy of Adam Burrows and the
Reviews of Modem Physics)

molecular opacity databases and the development of rudimentary models of dust formation

and sedimentation, atmospheric models have improved dramatically in recent years.

Chemical equilibrium calculations (Fegley & Lodders 1996; Lodders & Fegley 2002)

indicate that at the atmospheric temperatures (500 ;S T ;S4000 K) and pressures (0.1 ;S P ;S

10 bar) ofVLM stars and BDs, H2' CO and CH4, N2 and NH3, and H20 are the dominate H-

, C-, N-, and O-bearing molecules, respectively. Figure 1.7 shows the temperature-pressure

(T-P) profiles for objects with masses of 1, 5, 15, 40 MJ, and 0.08, 0.09 M0 . The dashed

lines show where the abundances of CO/C~ and N2/NH3 are equal. CH4 replaces CO

as the dominant C-bearing gas at T;S1125 K with the leftover °going into H20 and NH3

replaces N2 as the dominant N-bearing gas at T;S715 K. Additional abundant molecules

include TiO, VO, FeH, MgH, CaR, and CrH. All atomic species are neutral except at the

highest temperatures.

The opacity due to these molecules, particular TiO, VO, and FeH in the optical and

H20, CO and CH4 in the near infrared, dominant (by nearly two orders of magnitude!)
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over all relevant continuum opacities sources such as H-, H2, and H2 CIA (Allard &

Hauschildt 1995). As a result, accurate line lists and oscillators strengths for millions of

molecular transitions are required to accurately model the atmospheres of VLM stars and

BDs. Only recently have such lists become available for the most important molecules such

as TiO (Jorgensen 1994; Schwenke 1998), H20 (Partridge & Schwenke 1997; Jorgensen et al.

2001), CH4 (Homeier et al. 2003; Borysow et al. 2003), FeH (Dulick et al. 2003), and CrH

(Burrows et al. 2002). Inclusion of these line lists in model atmospheres is an on-going

process. Agreement between observed and synthetic spectra have improved (Allard et al.

2000) but large discrepancies still exists, particularly in the infrared (Leggett et al. 2001).

Further complicating matters is the condensation of refractory elements such as Ti,

Mg, AI, Fe, V, and Ca. Overlaid on the T-P profiles in Figure 1.7 are the condensation

curves of MgAh04 (spinel), MgSi03 (enstatite), Mg2Si04 (forsterite), solid Fe, and CaTi03

(perovskite). Each species (and others not shown in Figure 1.7 such as solid VO) condenses

out of the gas in all atmospheric layers above the intersection point with a given T-P

profile. This provides a natural explanation for the weakening and eventual disappearance

of the TiO and VO bands in the red-optical spectra of L dwarfs (see §1.2) (Lodders 2002).

Once condensates (dust) form, they can either remain well mixed with the gas or they can

rainout of the atmosphere. In the former case, the condensates continue to react chemically

with the gas while in the later case, the condensates form a cloud deck of finite thickness

depleting the atmosphere above the cloud deck of both the condensates and their gaseous

constituents. The prominence of the alkali elements, particularly the Na D lines and the

K I lines, in the spectra of late-type Land T dwarfs is strong evidence that the rainout of

the refractory elements (AI, Si, Fe) does indeed occur since in pure chemical equilibrium

(no rainout), atomic Na and K are removed from the gas as NaAISi30 s (high albite) and

KAISi30 s (sanidine) at T",1400 K (Burrows & Sharp 1999). At even lower temperatures,

H20 ("'300 K) and then NH3 ("'200 K) condense out of the gas and form clouds, as can be

seen in Figure 1.7.
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Figure 1.7 Temperature-pressure profiles for dwarfs with mass of 1, 5, 15,40 MJ, and 0.08,
0.09 M0 . The condensation curves of MgAl20 4 (spinel), MgSi03 (enstatite), Mg2Si04
(forsterite), solid Fe, and CaTi03 (perovskite) are shown along with the curves (dashed
lines) where the abundances of CO/CH4 and N2/NH3 are equal. The cloud symbols denote
the position in the atmosphere where clouds form. (adapted from a figure courtesy of Adam
Burrows and the Reviews of Modem Physics)
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The first attempts (Tsuji 2000; Allard et al. 2001) at including condensates in model

atmospheres considered the two limiting cases where 1) the dust is fully mixed with the

gas (DUSTY; Case B), and 2) the dust has rained out and is completely sequestered

below the photosphere (COND; Case C). The DUSTY and COND models use the same

chemical equilibrium calculations but the COND models do not include the dust opacity

in the calculation of radiative transfer. The DUSTY and COND models are plotted on the

(MJ,J - K) color-magnitude diagram discussed in §1.2 in Figure 1.8. The DUSTY models

reproduce the redward progression in J - K of the L dwarfs and the COND models reproduce

the blue J - K colors of the mid- to late-type T dwarfs but neither model reproduces the

turn towards the blue in J - K at the LIT transition. Furthermore, neither DUSTY nor

COND synthetic spectra match the spectra of mid- to late-type L dwarfs (Leggett et al.

2001; Schweitzer et al. 2002).

More recent atmospheric models (Tsuji 2002; Marley et al. 2002; Allard et al. 2003),

which include the effects of gravitational settling of the dust, reproduce the turn towards

the blue in J - K at the LIT transition. The atmospheric models of Marley et al. (2002) use

the cloud models of Ackerman & Marley (2001) which assume that the clouds are formed

in a steady state where the upward transport of gas and condensates by turbulent mixing is

balanced by the downward precipitation of the condensates. The degree of precipitation is

left as an adjustable parameter fsei; smaller values of fsed correspond to less precipitation

and thicker clouds. Three condensates, Fe, MgSi03 (enstatite) and H20, are included in

the models. The base of the cloud deck occurs at roughly a fixed temperature given by

the condensation temperature of the cloud condensate and therefore slowly sinks below the

observable photosphere with decreasing Teff. The J - K colors initially redden due to

the ever increasing column abundance of dust but eventually turn blueward as the cloud

layer sinks below the observable photosphere thus removing the cloud opacity. Marley et al.

(2002) found models with fsed=3 gives the best fit to the data as shown in Figure 1.8.

2The sedimentation factor was originally called !rain but was later changed by Marley et al. (2003) to
avoid confusion with the term rainout.
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Finally, the inability of the fsed=3 models to accurately reproduce the rapid evolution

of the J - K colors at the LIT transition has lead Burgasser et al. (2002b) to suggest that

the cloud layer is being disrupted, perhaps by convection, as it sinks below the photosphere.

The disruption of the cloud deck allows the observer to see to deeper and thus hotter layers

which explains why the transition T dwarfs are brighter than predicted by the fsed=3

model. Figure 1.9 shows the (MJ,J - K) color-magnitude diagram from Burgasser et al.

(2002b) along with model isochrones that include the partial clearing of the cloud deck. The

T eff=1200 K cloud-clearing model reproduces the rapid turn towards the blue in J - K

at the LIT transition and the brightening of the early- to mid-type T dwarfs in MJ. Tsuji

& Nakajima (2003) have cast doubt on this interpretation since they claim to be able to

reproduce the rapid change of J - K colors at the LIT transition using their Unified Cloud

Models without cloud disruption.

1.4 Dissertation Outline

As can been seen from the preceding sections, much has been learned about VLM stars and

BDs since the discovery of GI 299B in 1995. Still, the quality of the near-infrared spectra

presented in Figure 1.1 (b) was, until very recently, fairly typical of the spectra used in the

analysis of M, L, and T dwarfs. The spectra cover from 1.0-2.5 /-lm often with breaks in

wavelength coverage, have low to moderate resolving powers (R == AI~A = 200 - 900), and

have a wide range of signal-to-noise ratios.

In this dissertation, we present the first results of a medium resolution (R~2000),

0.8-4.1 /-lm spectroscopic survey of 32 M, L, and T dwarfs conducted primarily with

SpeX (Rayner et al. 2003), a 0.8-5.5 /-lm medium-resolution cross-dispersed spectrograph

mounted on the NASA Infrared Telescope Facility (IRTF).

Chapter 2 describes an IDL-based data reduction package called Spextool (SPectral

EXtraction TOOL) written to reduce and analysis SpeX data. The package carries

out all the procedures necessary to produce fully reduced spectra including preparation
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of calibration frames, processing and spectral extraction of science frames, wavelength

calibration of spectra, and flux calibration of spectra. This chapter has been submitted

for publication to the Publications of the Astronomical Society of the Pacific (PASP).

In Chapter 3, we present the 0.8-4.1 /-Lm spectra of the 32 M, L, and T dwarfs.

Exploiting the moderate resolution (R ~ 2000) of the spectra, we performed a systematic

search for atomic and molecular absorption features. In addition, we derive a new spectral

index that can be used to spectral type M and L dwarfs using only J band spectra. Chapter

4 describes the discovery of nearly 100 new FeH absorption features in the spectra of M

and L dwarfs and has already been published in the Astrophysical Journal (Cushing et al.

2003a).

Finally in Chapter 5, we use the spectra to derive bolometric luminosities, bolometric

corrections, and effective temperatures for the M, L, and T dwarfs. In addition we compare

the K and L-band spectra of the Land T dwarfs and show, for the first time, spectroscopic

evidence for the presence of condensate clouds in the atmospheres of Land T dwarfs.
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Chapter 2

Spextool: A Spectral Extraction Package for SpeX,

a 0.8-5.5 11m Cross-Dispersed Spectrograph1

2.1 Introduction

Cross-dispersed spectrographs provide one of the most efficient methods of acquiring

spectroscopic data from celestial sources because they record a broad wavelength range

in a single exposure. Concomitant with the increase in efficiency, however, is a substantial

increase in the complexity of the methods needed to reduce these data. Usually the spectral

orders are curved and irregularly spaced on the detector so that the dispersion axis is not

aligned with the detector rows. In addition, the spatial axis is sometimes not aligned

with the detector columns so that a given wavelength may span many columns along the

slit. These properties can make the extraction and calibration of cross-dispersed spectra

particularly challenging.

Until recently, cross-dispersed spectrographs have been mainly limited to optical

wavelengths. However, with the advances in near-infrared detector technology, a new

generation of cross-dispersed spectrographs sensitive in the 1-5 J-tm range has been

developed. One such instrument is SpeX (Rayner et al. 2003), a medium-resolution (Rf"V

lSubmitted to the Publications of the Astronomical Society of the Pacific. Coauthors include William D.
Vacca and John T. Rayner.
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2000), 0.8-5.5 /-lm spectrograph operating at the 3.0m NASA Infrared Telescope Facility

on Mauna Kea.

In an effort to provide a set of semi-automatic routines for reducing SpeX data we have

developed a spectral extraction and reduction package called Spextool (SPectral EXtraction

TOOL). Written in the Interactive Data Language (IDL), this package is driven by a set of

graphical user interfaces (GUIs) in which a user specifies various parameters pertinent to

the reduction procedures and performs the reductions with a few mouse clicks.

In this paper, we present a description of Spextool and provide examples of spectra

reduced with Spextool. In §2, we briefly describe the aspects of SpeX that relate to the

data reduction process. In §3, we describe the typical observing modes used with SpeX. In

§4 we provide a detailed description of the reduction procedures carried out by Spextool,

and in §5 we summarize our conclusions.

2.2 SpeX

A full description of the design, construction, and performance of SpeX is provided by

Rayner et al. (2003). Here we will discuss only those aspects of the instrument that are

relevant to the data reduction process.

Table 1 provides a summary of the various observing modes for SpeX. Spextool was

designed primarily to extract spectra from the cross-dispersed modes since single-order

spectra can be extracted easily using other data reduction packages (e.g., IRAF). The

short-wavelength cross-dispersed (SXD) mode of SpeX covers the wavelength range 0.8 to

2.4 /-lm with an average resolving power <R>=<>./~>.> of 2000 for a slit width of 0'!3. The

entire wavelength range, except for a 0.6 /-lm gap in the telluric band between the Hand K

band, is recorded simultaneously in six orders. As can be seen in Figure 2.1, the spectral

orders are substantially curved and the spacing between the orders varies with position on

the array. The long-wavelength cross-dispersed (LXD) mode covers the wavelength range

1.9 to 5.5 /-lm with <R>= 2500 for a slit width of 0'!3. The entire wavelength range, except
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Table 2.1: SpeX Spectroscopy Modes

Mode Wavelength Range Ra Slit Lengths

(J.Lm "
ShortXD 0.8-2.4 200-2000 15
LongXD1.9 1.9-4.2 250-2500 15
LongXD2.1 2.1-5.0 250-2500 15
LongXD2.3 2.3-5.4 250-2500 15
LowRes 0.8-2.5 25 -250 15,60
Short Single Order 0.8-2.5b 200-2000 15,60
Long Single Order 1.9-5.5b 250-2500 15,60

aR is the resolving power and is given by R = AI.6.).; the two values correspond to the
widest (3'!0) and narrowest slits (0'!3), respectively.
bRequires multiple grating settings to achieve full wavelength coverage.

for a 0.1 J.Lm gap centered at 4.4 J.Lm, is covered in seven orders but only six orders can

be recorded simultaneously on the detector. Therefore, the LXD mode actually consists of

three sub-modes (LXD1.9, LXD2.1, and LXD2.3) which cover slightly different wavelength

ranges (see Table 1). Both cross-dispersed modes have a slit length of 15" which corresponds

to '"'-'100 pixels on the detector. Spextool also has the ability to reduce data taken in the

LowRes (prism) mode with the 15"-long slit ('"'-'100 pixels); this mode covers the wavelength

range '"'-'0.8 to 2.5 J.Lm at <R>= 250 for a slit width of 0'!3. Wider slits (0'!5, 0'!8, 1'!6 and

3'!0) are also available for each mode, and provide proportionally lower resolving powers.

The pixel size for all three modes is 0'!15 pixel-1 so even during the best seeing conditions

currently attainable at the IRTF ('"'-'O'!4), the PSF is sampled by '"'-'3 pixels. As a result,

intrapixel sensitivity variations (e.g., Lauer 1999) are not a concern for the data reduction

process.

The gratings are all operated in the near-Littrow configuration which means, in principle,

the image of the slit should not be tilted with respect to the detector columns (Schroeder

2000). In practice, however, the image of the slit is tilted by up to ±0.5 pixel over the

length of the 15" slit because of pre-dispersion from the cross-dispersing prisms, the natural

curvature due to any finite-length slit, and the precision to which the slits can be aligned

with the detector columns (see Rayner et al. 2003). Since this misalignment is significantly
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Figure 2.1 A raw SXD flat field exposure. The spatial axis is parallel to the columns
and wavelength increases to the right. The six cross-dispersed orders (3-8) are apparent.
The diagonal lines are one-pixel-wide cracks in the array. The spot at the approximate
coordinates (600,275) is a clusters of bad pixels. The faint inter-order flux is due to scattered
light and internal reflections ("ghosts") and is typically at a level of '"1% of the signal in
the brightest order.
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smaller than the maximum spectral resolution delivered by SpeX, we have chosen not to

attempt to correct for it in Spextool. This greatly simplifies the data reduction process

since the spectral data do not have to be rectified before extraction.

An external calibration unit contains lamps needed for flat fielding and wavelength

calibration. The flat field lamps are a 10 W quartz-tungsten-halogen lamp (3200 K) and

0.1 W bulb for the 0.8-2.5 Mm wavelength range, and an infrared source (1100 K) for the

2.5-5.5 Mm wavelength range. The unit also contains a low-pressure argon discharge lamp

which is used for wavelength calibration. The lamps are located at the entrance ports of an

integrating sphere. Light from the exit port of the integrating sphere is projected into the

spectrograph at the same focal ratio as light from the telescope.

2.3 Observing Technique

It is instructive to discuss the typical manner in which observations are acquired with SpeX,

as the observing procedures dictate, in part, the data reduction process. The number of

counts recorded in any given detector pixel is given by the sum of the counts from the

dark current, emission from the telescope and sky, and target. In order to remove the

dark current, telescope signal and sky signal (to first order) from the data, observations

are usually taken in pairs, an A frame exposure on the target immediately followed by a

B frame exposure of equal integration time to measure the dark current, and telescope and

sky background alone (e.g., Joyce 1992). (Hereafter we use a bold letter X to represent an

image and the subscripted designation Xij to represent the value of the image at the pixel

in column i and row j.) Mathematically we have,

A

B

Dark + Telescope + SkyA + Target

Dark + Telescope + SkyB'
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where we have explicitly allowed for the possibility that the flux level from the sky may

change between the A and B exposures (e.g., due to the time-variable OH- line emission

from 0.8-2.5 fJ,m or thermal background from the sky from 2.5-5.5 fJ,m) but have assumed

that the non-sky background signals, including the dark current and telescope emission, do

not (see however Rayner et al. 2003). Subtracting the B frame from the A frame (pair

subtraction) gives,

A-B Target + SkyA - SkyB

Target +R,

(2.3)

(2.4)

where we have defined R = SkyA - SkyB to be the residual sky signal. As long as the signal

from the sky in the individual raw A and B frames has not reached the saturation level of

the detector, any residual sky signal can be easily subtracted in the extraction process (see

§4.2.5).

If the object is an extended source then the B frame is taken after offsetting ("nodding")

the telescope to a patch of nearby blank sky, so that the object is no longer on the slit

(object-sky mode). If the object is a point source however, a more efficient observing

method involves nodding the telescope so that the object is moved to a new (second) position

along the slit and then taking the B frame exposure (AB mode). In this mode, subtracting

the B frame from the A frame leaves both a positive and negative signal (spectrum) from

the object and any residual signal from the sky. In either mode, the strength of the residual

sky signal depends on the variability of the sky and the rapidity with which the nodding

was performed.

In order to assign physical flux units to the detected counts in the extracted object

spectrum, as well as to correct for absorption from the Earth's atmosphere, observations

of a so-called telluric standard star must also be obtained. In addition to the science and

telluric standard data, calibration frames which include a series of flat-field exposures as well
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as argon arc exposures for wavelength calibration are also taken. The object and standard

star exposures, along with the flats and arcs make up a single data set.

2.4 Spectral Reduction

The reduction process consists of three main steps:

1. Preparation of Calibration Frames: Combine and normalize flat field exposures and

create an arc image suitable for wavelength calibration;

2. Spectral Extraction: Extract and wavelength calibrate target and standard star

spectra;

3. Post-Extraction Processing: Correct target spectra for telluric absorption, merge

spectra from different orders, clean and smooth spectra, merge spectra from different

modes (SXD and LXD).

A flow chart detailing each step is shown in Figure 2.2 and we describe each step in detail in

§4.1, 4.2, and 4.3, respectively. The GUI used to perform steps 1 and 2 is shown in Figure

2.3.

2.4.1 Step 1: Calibration Frames

Flat Fields

As described in §3, multiple flat-field exposures are taken as part of the calibration set and

then combined to maximize the signal-to-noise ratio. Before the individual flat field frames

are combined, Spextool computes the median signal level of each frame. It then scales each

frame to a common median flux level (the median of the individual median signal levels) to

compensate for any variations in the flux levels due to changes in the temperature of the

lamp filaments. These temperature changes also affect the slope of the spectrum produced

by the filaments. However, we have found that correcting for these changes makes almost no
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Figure 2.2 A flow chart showing the steps in the reduction process used by Spextool.

30



~

IIMJaI M.f!1IIOcd.nU~ A ... ~ I!-~Ml&.l..----'-1"";;;;-
~I. rIr t1a*' r

Dutpul r..-: nrs r.

..... Iaogn • I

-- --

Figure 2.3 The main Spextool GUI.

~Or*" :I.T~~ ... l)d/IIIt~1MU. ,~ ~"--~

..-..-~
.8tf1l"""",,,~

differ n «0.1 %) in h final normaliz d fla fi ld d 0 in th int r mput tional

speed, we do not correct for these changes. The scaled flat-field exposures are then combined

using the statistic chosen by the user (median, mean, or w ighted mean).

One of the most important steps in the entire reduction process is determining the

location of th ord r on th array. Th c mbin flat-Ii Id irnag wi h it high ignal-to

noi ratio across th en ir wavelength rang for all b ord r ,i id 1 for hi urp

Spextool d termines the spectroscopy mode in which the data were taken by reading the

FIT header of the data fram c nt r 0 ition f e ord f

from a file t r d di k. tar iog from h an edg d t ion alg rithm

moves across the array at regularly spaced intervals and locates the bot m and top edge

of each order. The individual dg poi ts ar h n fit wi h a low-ord r robu t polynomial

(see FigUf 2.4a). h r suIting edge co :/ficient th n r vide th 10 ation of each order at

any lumn. A can b n in Figur 4a om runcat d by th edg of th

array. Therefore in addition 0 th dg co fficient. th olumllS at which th runcation
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occurs are also are identified. Spectral extraction proceeds only between the truncation

limits because knowledge of the order location is crucial for the extraction process.

The 15" slit is re-imaged across rv100 pixels which yields an average plate scale of 0.15"

pix-I. However, due to anamorphic magnification, the slit height measured in pixels varies

within an order (~ 3 pixels) and from order to order. For example, order 3 in the SXD

mode has an average slit height of 97 pixels while order 8 has an average slit height of 106

pixels. To simplify spectral extraction, all operations that involve the spatial dimension are

carried out in units of arcseconds instead of pixels. The arcsecond value of each pixel along

the slit at a given column is determined by assuming the length of the slit in pixels given

by the edge coefficients is equal to 15".

The flat-field frame must be normalized to unity if users are to obtain estimates of the

signal-to-noise ratio of their spectra. To facilitate the normalization process, each order is

"straightened" by resampling it onto a uniform grid of i columns and s spatial points. Since

we assume that the reimaged slit is aligned with the columns of the array, the resampling

proceeds on a column-by-column basis. The result is a rectangular image of the order

uniformly sampled in the spatial dimension. A two-dimensional surface is then fit to the

straightened order image. The raw flat field is normalized by resampling the surface fit back

onto the arcsecond grid of the raw data column by column and dividing the result into the

raw data. It should be noted that the final normalized flat field has not been resampled.

The resampling occurs only to construct the smooth two-dimensional surface fit. The

normalized flat field is then written to disk with the edge coefficients and the truncations

limits contained in the FITS header. Figure 2.4b shows an example of a normalized SXD

flat field.

Arcs

Wavelength calibration of SpeX data is accomplished using argon lines. For the SXD and

LowRes modes, several arc exposures are combined to increase the signal-to-noise ratio. For

the LXD modes, an "arc-off" frame (taken immediately after the arc lamp is turned off) is
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subtracted from an "arc-on" frame (taken with the arc lamp turned on) in order to remove

the strong thermal continuum from the heated arc lamp.

At A <: 3f.lm the number and strength of the argon lines diminish rapidly and at

A > 4.5f.lm, there are no suitably strong argon lines that can be used for wavelength

calibration. Therefore, to calibrate the LXD modes, we have adopted an approach that

makes use of both the argon lines at shorter wavelengths and the numerous sky emission

lines at longer wavelengths. A pure sky frame (for A-sky mode) or two target frames (for

AB mode) are used to produce a night sky emission image. If the object is observed in the

AB mode, then this is done by combining the frames according to the equation,

Sky = (A + B) -I(A - B)I. (2.5)

For those orders (4 and 6) where the arc lines are either weak or absent, the sky emission

image replaces the arc image. The final image is then written to disk. Figure 2.5 shows an

arc image for LXD2.3 mode.

2.4.2 Step 2: Spectral Extraction

Image Processing

The first step in processing the science images involves correcting each pixel value in the

raw data frames for possible non-linearity. Spextool accomplishes this using a non-linearity

curve constructed by P. Onaka and J. Leong from flat field data taken expressly for this

purpose. A series of flats was taken with gradually increasing exposure times and the non

linearity curve was then determined by fitting a third order polynomial to the observed

count rate as a function of the observed counts in each pixel. The deviation of this curve

from a straight line then gives the factor needed to correct the observed counts in a given

pixel to the expected counts for a linear response, as a function of the observed count values.

Unfortunately, as noted by Vacca et al. (2003a), the linearity correction factor cannot

be applied directly to the stored pixel values because the array is read out using multiple
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correlated double sampling (MCDS, Fowler & Gatley 1990), also known as Folwer sampling.

In this readout mode, the array is read out non-destructively n r times at the start of

the integration. After a time b.t (the integration time), the array is again read out non-

destructively n r times. Each non-destructive read requires a time of <St. The net signal, given

by the sum of the differences between the values recorded for the two sets of non-destructive

reads, is then written to disk. If the user requests n c "co-adds", then the read-out process

is repeated nc times and the individual net signals are summed in memory and the total net

signal Stot is written to disk. The linearity correction should be applied to the values of the

individual non-destructive reads but only the total net signal is written to disk. Therefore

Spextool applies the non-linearity correction for each pixel in each input frame using the

iterative technique described by Vacca et al. (2003a).

The corrected data SEot are then converted to a "flux" (DN s-l). The average count

rate, in units of DN s-l is given by,

(2.6)

Because optimal extraction (see §4.2.5) requires an error estimate for each pixel in the

extraction aperture, Spextool also constructs a variance image V I for each input image,

given by,

(2.7)

where 9 is the gain (e- DN- 1), O"read is the RMS readnoise (e-). A derivation of Equation

2.7 is given by Vacca et al. (2003a).

The next step consists of subtracting an IA and I B frame to remove the additive

components of the recorded signal as described in §3. The resulting image is then fiat

fielded using the normalized fiat field created in §4.1.1. This yields the final reduced image,

D = IA - lB.
Flat
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The variance image of D is given by,

(2.9)

A pair-subtracted, flat-fielded image of a point source in the SXD mode is shown in Figure

6. Note the positive and negative spectra produced by the pair subtraction.

Spatial Profiles

The spatial profile image, Pij, gives the relative intensity of a target spectrum at each

spatial position j along the slit at each column (wavelength) i. The spatial profile varies as

a function of both wavelength (column) and spatial position (row) because of small optical

effects, atmospheric differential refraction, and wavelength dependent seeing which cause
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changes in the relative shape and position of the spatial profile (Horne 1986). Constructing

an accurate, high signal-to-noise ratio spatial profile image is crucial for the optimal

extraction procedure. In addition, the mean spatial profile along the slit (averaged over

all columns i) is needed by the user to define the extraction parameters (see §4.2.4). The

procedure used by Spextool to construct the spatial profile images is a variation on the

"Virtual Re-Sampling Algorithm" of Mukai (1990).

The spatial profile image for each order is constructed as follows. If the target is a

point source, then the median signal level in each column (within an order) is subtracted

from each pixel in the column to remove any residual sky background. If the target is an

extended source, then no attempt is made to subtract any residual sky signal because the

sky signal cannot not be measured if the target subtends an angle greater than 15", the

length of the slit. The order is then resampled onto a uniform rectangular grid of i columns

and s spatial points, as described in §4.1.1 Figure 72.7a shows the resampled image of order

6 in the SXD mode.

The resampled image of an order can be thought of as a spatial profile image with an

intensity modulated by the spectrum of the object at each wavelength. Therefore, at any

given column i and spatial point s in the order image, the intensity is given by

(2.10)

where Ii is the intensity of the source spectrum at column (wavelength) i. If Ii is known,

then Pi,s can be generated easily by simple division. (Of course, Ii is exactly what we are

trying to determine from the observations, and so is never known a priori!). The intensity

variation with column can be removed by normalizing each column in ai,s by an appropriate

scale factor. For optical spectroscopy, the scale factor is given by the total intensity in a

column, which can be calculated by simply summing all the values at each spatial pixel

along the column. Dividing each pixel in a column by the total flux in that column removes

the spectral variation, and yields Pi,s (Horne 1986). However, in the near-infrared, the AB
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mode of observing produces both positive and negative images of the spectrum when the

two exposures are subtracted and as a result, I:s As ~ 0 for all i. Therefore, Spextool

computes the profile image in the following iterative manner.

First, at each spatial (slit) point s, Spextool computes the median along the columns

of the observed order image. This yields a one-dimensional array (of length s) which is the

first-order approximation to the mean spatial profile, P s' Assuming that

(2.11)

where Ci are scale factors, Spextool then fits P s using a linear least squares routine to

each column in the resampled order image and determines the coefficients Ci. These scale

factors are actually the first-order approximations to Ii- The resampled image is then

divided by the scale factors, which then yields an approximation to Pi,s. The result of this

procedure applied to order 6 is shown in Figure 2.7b. The entire procedure can be repeated

to yield better approximations to Pi,s. However we have found that this first Pi,s image is

quite satisfactory for optimal extraction purposes. Further iterations produce only marginal

improvements.

Once the spatial profile image Pi,s is determined, Spextool fits a low-order polynomial

along the columns i at each spatial point s in the image. This has the effect of smoothing the

profile image thus increasing its signal-to-noise ratio. Columns for which the scale factors

Ci indicate there is no significant source flux are excluded from the polynomial fit. The

resulting profile coefficients can be used to determine the value of the intensity profile Pi,s

at any column and any spatial point. The spatial profile image for Order 6, created by

evaluating the profile coefficients, is shown in Figure 2.7c. An average spatial profile, P s ,

computed from the model spatial profile image is shown in Figure 2.7d. Finally, Pi,j can be

constructed by resampling Pi,s onto the pixel grid Pi,j using the arcsecond values associated

with each pixel.
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Aperture Location and Tracing

Once the profile coefficients have been determined, the user specifies the position of the

extraction apertures along the slit using the average spatial profiles as a guide. If the target

is a point source, Spextool automatically determines the aperture positions by iteratively

identifying local maxima in the absolute value of the average spatial profile. If the target

is an extended source, then the user types the location of the aperture positions measured

in arcseconds from the bottom of the slit (see Figure 2.8) into a field.

Since the location of the extraction apertures are identified using the average spatial

profiles, they do not represent the true position of the spectrum on the detector at any given

column. As discussed in §4.2.2, this is a result of small optical effects as well as atmospheric

differential refraction. For point sources, this problem can be avoided by tracing the spectra

across the array. A tracing routine steps across the array at regularly spaced intervals and

locates the center of a spectrum by fitting a gaussian in the spatial dimension centered

on the aperture position defined above. The individual center points are then fit with a

low-order robust polynomial. The resulting trace coefficients provide the location of that

spectrum at any column. This process is repeated for each aperture and for each order.

Unfortunately extended sources cannot, in general, be traced since there is no guarantee

that the extraction apertures will be located at the positions of local maxima in the average

spatial profiles. Therefore Spextool simply adopts trace coefficients based on the edge

coefficients. Spextool first converts the user-specified aperture position (in arcseconds) to a

pixel position at each column using the edge coefficients. The aperture positions (in pixels)

are then fit with a low-order robust polynomial to produce the trace coefficients. As a result,

the actual position of the extraction aperture on the target will vary with wavelength. The

major cause of this misalignment is atmospheric differential refraction. For most airmasses,

this effect is usually small < (f!2, however, and can be mitigated by choosing a large enough

extraction aperture.
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Extraction Parameters

The extraction parameters (i.e., extraction apertures and background regions) are defined

by the user with the aid of the average spatial profiles constructed in §4.2.2. Figure 2.8

shows the average spatial profile for Order 6 of the SXD mode for a point source and an

extended source (Uranus). The extraction parameters are indicated in color.

For point sources, the parameters are defined with respect to each aperture position

(vertical cyan solid line) and are,

• PSF Radius: The radius at which the PSF profile falls to zero (blue dotted line). The

parameter is only used for optimal extraction (see §4.2.5)

• Aperture Radius: The radius defining the edge of the extraction aperture (green solid

and dotted line).

• Background Start: The radius at which to start the background region

• Background Width: The width of the background region (red solid line)

• Background Fit Degree: The degree of the robust least-squares polynomial fit to the

background regions (magenta dotted line).

For extended sources they are,

• Aperture Radii: The extraction radius for each aperture (green solid and dotted line).

• Background Regions: The regions used to fit the background level (red solid lines).

• Background Fit Degree: The degree of the robust least-squares polynomial to fit to

the background regions (magenta dotted line).

Extracting the Spectra

The spectra can be extracted once the trace coefficients are determined and the extraction

parameters have been defined by the user. For a given aperture and order, the trace

42



>-.
0.02~

UI
c

0.01G)-c
0.00 .. ... . ............

G)

>
:0:: -0.010
G)

0:::

0 2 4 6 8 10 12 14
Spatial Position (arcseconds)

>-.
~ 0.03
UI
G)

0.02-c
G) 0.01
>
~

0.000
G)

0:::

0 2 4 6 8 10 12 14
Spatial Position (arcseconds)

Figure 2.8 Two examples of the average spatial profiles for order 6 of the SXD mode.
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for optimal extraction and therefore is not present in the extended source profile.
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coefficients are used to determine the position of the spectrum at a given column. The

extraction parameters, defined in arcseconds, are then converted to units of pixels using

the edge coefficients. Before the spectra can be extracted, any residual sky signal left over

from the initial pair subtraction (see §3) must be subtracted from the reduced image D

(Equation 2.8). At each column i, the values of the pixels in the user defined background

regions (red solid lines in Figure 8) are fit with a low-order weighted least-squares polynomial

as a function of their position along the slit. The resulting fit provides an estimate of the

residual sky level, Ri,j, at each pixel along the slit in column i. As long as the raw pixel

values in the individual raw A and B frames are not saturated, subtracting Ri,j from D ij

removes the residual sky signal.

Spextool can extract the spectra from the sky-subtracted frame (Dij - Rij) in two ways,

sum and optimal. In the sum mode, cosmic ray hits are first identified using the spatial

profiles created in §4.2.2. The spatial profile at column i, Pij , is scaled to the data in a

robust linear least-squares sense. Any pixels identified as outliers, as well as bad pixels

identified in the bad pixel mask stored on disk, are replaced with the value of the scaled

profile. The flux and variance of the object at column i is then given by,

i2

fium
= L Eij (Dij - Rij),

j=jl

i2

Vgum = L E;j (VDij + VRij )'

j=h

(2.12)

where j1 and j2 are the pixel indices of the upper and lower limits of the extraction aperture

and Eij is the fractional weight of pixel (i, j) which is given by the fraction of each pixel

contained within the extraction aperture. Eij is everywhere unity except for the two pixels

at the edges of the aperture.

Optimal extraction was originally developed by Robertson (1986) and Horne (1986)

to maximize the signal-to-noise ratio of long-slit spectra of point sources. The method

was later expanded by Marsh (1989) and Mukai (1990) to include the extraction of cross

dispersed spectra and Naylor (1998) has developed an "optimal extraction" algorithm for

point source photometry. All optimal extraction algorithms work on the same principle,
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namely, weighting each pixel in the extraction aperture in proportion to the amount of flux

it contains from the object.

For each aperture, Spextool normalizes Pij using the PSF radius defined in §4.2.4 so

that,

j2

Pij = Pijl L Pij
j=h

(2.13)

where jl and j2 are the upper and lower limits given by the PSF radius. Pij now gives the

fraction of the total flux in the object contained in pixel j of column i. (Dij - Rij)/Pij

then represents an array of independent estimates of the total flux of the object. These

independent estimates are combined in an optimal way using a weighted mean where the

weights are given by their inverse variances, PrjI (VDij + VRij)' The flux and variance of

the object at column i then becomes,

1
Vjopt = ---,-.---------

i I:;: MijPrjl(VDij + VR)

(2.14)

where j3 and j4 are the upper and lower limits given by the aperture radius and M ij is

an optional mask to remove bad pixels. Of course, optimal extraction can only be used on

point sources.

As explained by Horne (1986), optimal extraction provides an increase in the signal-to

noise ratio only for background limited spectroscopy. Since the SXD mode is source limited

for all but the faintest targets, optimal extraction provides relatively little increase in the

signal-to-noise ratio of the spectra. However, the LXD mode is almost always background

limited due to the strong thermal background of the sky and telescope and as a result,

optimal extraction provides an increase in the signal-to-noise ratio of the spectra of up to

25%. Independent of signal-to-noise ratio concerns, optimal extraction is superior to sum

extraction because it ignores bad pixels instead of trying to fix them.
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Wavelength Calibration

The spectra are wavelength calibrated using the arc frame created in §4.1.2. As discussed

there, we use argon lines and sky emission features for wavelength calibration. We have

compiled a list of argon lines from Rao et al. (1966) and have removed lines that are blended

at <R>= 2500, the maximum resolving power available with SpeX. We determined the

wavelengths of the sky emission features using a model of the atmospheric transmission

computed with ATRAN (Lord 1992). All wavelengths are given in vacuum.

Spextool begins the wavelength calibration process by extracting arc spectra for each

extraction aperture. Argon lines or sky features that are blended at the resolving power of

the object spectra are then pruned from the line list. The approximate position of each line

in the pruned line list is determined from a wavelength solution stored on disk. However,

due to the combined effects of the nonrepeatability of the slit wheel mechanism, flexure

in the instrument, and internal movements due to the thermal recycling of SpeX, the zero

point of this solution can vary by up to a few pixels. Spextool therefore performs a cross

correlation between the arc spectrum extracted above and an arc spectrum stored on disk

(used to create the solution stored on disk) to determine the zero point. The position of

each line is then determined by fitting the arc spectrum with a gaussian centered on the

approximate position of each line.

Spextool then determines a single wavelength solution for each extraction aperture using

a variation of the technique outlined in Hall et al. (1994). This method has two advantages

over determining a wavelength solution on an order by order basis. First, the overall fit is

of higher quality because all of the lines on the array are used in the fit. Second, orders

with a small number of lines can still be accurately calibrated. The method makes use of

the fact that for a fixed groove spacing, the ratio of two wavelengths Al and A2' diffracted

at the same angle but located in two different orders ml and m2, is given by,

(2.15)
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Since we assume the spatial dimension is aligned with the columns of the detector (see §2),

a given column corresponds to the same diffraction angle for all of the orders. Therefore,

Spextool scales the wavelengths of the identified lines to their equivalent wavelengths, A', in

a given order m' using Equation 2.15. For example, in the SXD mode, a line with A = 2.2p.m

in order 3 will have A' = 1.1p.m for m'=6.

In principle, a wavelength solution can be computed using the scaled lines (A') and then

scaled back to the individual orders using Equation 2.15. However, we find that such a fit

leaves large scale trends with order number in the residuals (due to small optical effects). To

remove these trends, we fit the scaled wavelengths with a robust two-dimensional polynomial

where X is a function of both the column number i and the order number m,

Nk Nl

A'(i, m) = L L Cklikml.
k=Ol=O

(2.16)

A third-order polynomial in both i and m (Nk = N l = 3) removes the trends found in

the residuals of the one-dimensional fit. Figure 2.9 shows the residuals of the wavelength

calibration fit for the SXD mode. The RMS of the residuals is 0.075 A. The RMS of the

residuals for the LXD1.9 modes is roughly an order of magnitude greater owing to the fewer

lines available for wavelength calibration.

For slit widths wider than 0'!8, the argon and sky lines become hopelessly blended which

results in a poor fit due to the small number of individual lines that can be identified. In

this case, the user can adopt a wavelength solution stored on disk after applying the cross-

correlation zero point.

Results

The extracted spectrum from order m is then wavelength calibrated by scaling the results of

evaluating Equation 2.16 by m'lm. The resulting wavelength calibrated spectra (including

the error spectra) are written to disk as a FITS file. All of the pertinent extraction

47



9

-

875 6
Order Number

43

0.3 - +-
0.2 - + ~ -

~ Jf ~uuu+u"uuluuu··luu,uu"uuuuu:+"""""",,± .. ,...,....=
~ • +
GI -0.2 - ...
c -0.3 '--__---'- "--__~__~_~~~__~~_.._....J-

2

tiC(' 0.3~. "1-- 0.2r~ g:6 _..t:l:···:··· .. ·· r ·· .. !"-· .. · .;,:*~·w·:;..··" :;;t ~.~.., .., ~.. _

~ -0.1 ~ 'T + + +1" +
GI -0.2 + ~
c -0.3 "-----__-----' ----'- ~ :i

200 400 600
Column (Pixels)

800 1000

Figure 2.9 Residuals of the wavelength calibration pro dure, shown as function of spectral
order (top) and column (bottom). The RMS of the residuals is 0.075 A.
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parameters are written to the FITS header. Figure 10 shows the SXD and LXD2.1 spectra

of the B5 subgiant HD 147394.

2.4.3 Step 3: Post-Extraction Processing

Combining the Spectra

For each input image, Spextool produces an output file containing the wavelength arrays and

one-dimensional, wavelength-calibrated spectra corresponding to each extraction aperture

in each order. Multiple output files (resulting from repeated observations) can be combined

with a routine that allows the user to choose the combining procedure (mean, weighted

mean, or median).

Telluric Correction

In contrast to the relatively weak telluric absorption features present in the optical, strong

absorption bands due to H20, CO2 , CH4 and to a lesser extent, N20, O2 and 0 3 , dominate

the 1 to 5 /-lm wavelength range. Therefore, removing the telluric absorption features in

the spectrum of the target is both a necessary and critical step in the reduction of infrared

spectra.

We have developed a new method for correcting medium-resolution, near-infrared

spectra that makes use of an AO V star, observed near in time and close in airmass to

the target, and a high-resolution model of Vega. In addition, this method also removes the

instrument throughput and approximately (to ± rv5%) flux calibrates the target spectrum.

A full explanation of the method, as well as examples of the process, is given by Vacca et al.

(2003b).

Merging the Orders

Once the target spectra have been corrected for telluric absorption, the spectra from the

various orders can be merged into a single, continuous spectrum. In principle, the flux

levels and slopes of the spectra from two neighboring orders should match exactly in their
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Figure 2.10 (a) SXD spectra of HD 147394 (B5 IV). The overall shape of the spectra is due to the blaze function of the grating.
Strong H absorption lines can seen in orders 6 and 7. The high frequency structure is due to telluric absorption. (b) LXD2.1
spectra of HD 147394. Most of the structure in these spectra is due to telluric absorption.
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Figure 2.11 Spectra of GI 846 (MO.5 V) from orders 6 and 7 of the SXD mode. The
spectra in the upper panel were reduced without applying a correction for non-linearity;
the corrections were incorporated into the reductions of the spectra in the bottom panel.
Incorporation of the non-linearity corrections removes to a large degree the mismatch in
both the flux levels and slopes of the spectra in the overlap regions. No additional scaling
has been applied to these spectra.

common wavelength range. However, we found significant differences in both the flux levels

and slopes for some objects without the non-linearity correction (§4.2.1). For example, the

top panel of Figure 2.11 shows the mismatch in flux and slope between the spectra from

orders 6 (green) and 7 (red) of GI 846 (MO.5 V). The non-linearity correction removes this

problem to a large degree as can be seen in the lower panel of Figure 11. However, for some

objects the flux levels in the order overlap regions differ by ;S2%. Therefore, before the

spectra from two orders are merged, the user can scale one of the spectra to match the flux

level of the other. One spectrum is then resampled onto the wavelength grid of the other,

and the two spectra are combined using a weighted mean. The process is continued until

all of the orders have been merged.
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Cleaning and Smoothing the Spectra

Cleaning and smoothing the spectra are cosmetic in nature and are therefore optional. In

principle, the extraction process either ignores or fixes bad pixels. However, sometimes

bad pixels are missed and corrupt the spectrum. In addition, the division by the telluric

correction spectrum can produce strong, high frequency noise deep in the telluric bands

since the flux values in these wavelength ranges can sometimes be close to zero. Therefore,

the user can remove sections of the spectrum that are noisy or can interpolate over single

bad pixels.

For faint objects, it is often advantageous to smooth or rebin a spectrum to increase its

signal-to-noise ratio. The user can either smooth the spectrum to a new average resolution

using a Gaussian kernel or can smooth the spectrum with a Savitzky-Golay kernel (Press

et al. 1992). The advantage of the latter is that it increases the signal-to-noise of the

spectrum with minimal loss of resolution. Since the resolution in pixels is fixed by the

slit width (in pixels), the convolution in either case is done in units of pixels instead of

wavelength.

Merge SXD and LXD Spectra

Finally, if the object has been observed in the SXD and LXD mode, the spectra from the

two modes can be combined to produce a single continuous spectrum. In principle, the flux

levels of the SXD and LXD spectra should match but in practice, we often find that the

flux levels differ. Therefore, before the spectra from two modes are combined, the LXD

spectrum is scaled to match the flux level of the SXD spectrum. The LXD spectrum is

then resampled onto the wavelength grid of the SXD spectrum, and the two spectra are

combined using a weighted mean.

Results

Figure 2.12 shows the approximately flux-calibrated 0.8 to 5.0 J-tm spectrum of HD 147394

(B5 IV). The resolution of the 0.8-2.5 J-tm spectrum is < R >= 2000 and the signal-to-noise
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Figure 2.12 0.8 to 5.0 /--lm spectrum of HD 147394 (B5 IV). The break in the spectrum
centered at 1.83 /--lm is a result of a gap in the wavelength coverage of the SXD mode.
The spectrum from 2.5 to 2.9 /--lm and from 4.2 to 4.5 /--lm has been removed because the
atmosphere is almost completely opaque at these wavelengths. The hydrogen absorption
lines from the Paschen, Brackett, and Pfund series are indicated. Note the excellent
agreement between the separate spectral regions.

ratio is >100; for the 2.1 -5.0 /--lm spectrum, < R >= 2500 and the signal-to-noise ratio is

",70. The break in the spectrum centered at 1.83 /--lm is a result of a gap in the wavelength

coverage of the SXD mode (see Rayner et al. 2003). The spectrum from 2.5 to 2.9 /--lm and

from 4.2 to 4.5 /--lm has been removed because the atmosphere is almost completely opaque

at these wavelengths. The Brackett, Paschen and Pfund series have been identified.

2.5 Summary

We have presented a description of a new IDL package called Spextool which has been

developed for the reduction of spectral data taken with the near-infrared, medium-
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resolution, cross-dispersed spectrograph SpeX at the IRTF. Spextool allows rapid reduction

(i.e., fiat-fielding, aperture definition, sky subtraction, spectral extraction, wavelength

calibration, and various post-processing steps) of spectral data acquired in the most

commonly used spectroscopic modes of SpeX. It generates realistic estimates of error

arrays associated with spectra and incorporates an "optimal extraction" algorithm for

point source data. A user interacts with Spextool via graphical user interfaces that

incorporate a set of buttons and alphanumeric text fields which can be modified to

change various parameters needed for the spectral extraction procedures. The most

current version of the package (v3.1) can be downloaded from the SpeX website,

http://irtfweb.ifa.hawaii.edu/Facility/spexj. In addition, detailed instructions on how to

run Spextool are included in the package and can also be downloaded from the SpeX

website.
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Chapter 3

A 0.6-4.1 11m Spectral Sequence of M, L, and T

Dwarfs

3.1 Introduction

In this chapter, we present the initial results of our 0.8-4.1 ftm spectroscopic survey of M,

L, and T dwarfs. §3.2 describes the sample of 32 M, L, and T dwarfs and presents published

parallaxes, and optical and near-infrared photometry. §3.3 describes the observations and

data reduction. In §3.4, we present the results of a systematic search for atomic and

molecular features in the spectra of the M, L, and T dwarfs. We also compute equivalent

widths of the prominent atomic features and describe a new spectral index that can be used

to spectral type M and L dwarfs. Finally in §3.5, we discuss in detail the near-infrared

spectra of two interesting L dwarfs, 2MASS 2224-0158 (L4.5 V) and DENIS 0255-4700

(L8.0 V).

3.2 The Sample

Our sample consists of 17 M dwarfs, 13 L dwarfs, and 2 T dwarfs. Table 3.1 lists the

names of the dwarfs, their spectral types and coordinates, and parallaxes if available. Ten

of the M dwarfs were taken from the list of primary M dwarf standards of Kirkpatrick et al.

(1991) and have spectral types ranging from MO V to M8 V. We have supplemented this
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list with G1388 (M3.0 V) and GJ 1111 (M6.5 V) (Henryet al. 1994), LP 421-31 (M8.0 V;

Kirkpatrick et al. 1995), LP 944-20 (>M9.0 Vi Kirkpatrick et al. 1997) a relatively young

("-'550 Myr) brown dwarf (Tinney 1998), DENIS 1048-3956 (M9 V; Delfosse et al. 2001)

discovered by DENIS, and BRI 0021-0214 (>M9.5 V; Kirkpatrick et al. 1995, 1997).

We chose the brightest Land T dwarfs in each spectral class. Nine of the L dwarfs were

discovered by the 2MASS and were taken from Kirkpatrick et al. (1999, 2000) and Wilson

et al. (2003). We also observed Kelu-1 (L2 V), discovered by Ruiz et al. (1997) in a proper

motion survey, and SDSS 0539-0059 (L5.0 V; Fan et al. 2000) discovered by SDSS. DENIS

0255-4700 (L8.0 V; Martin et al. 1999b) rounds out the list of L dwarfs. During the course

of our survey, two of the L dwarfs were identified as binary systems; 2MASS 1146+2230

(Koerner et al. 1999) and 2MASS 0746+2000 (Reid et al. 2001b). Finally, the two T dwarfs

are taken from Leggett et al. (2000b) and Burgasser et al. (2000). The M dwarf spectral

types are on the Kirkpatrick et al. (1991, 1995) system, the L dwarf spectral types are on

the Kirkpatrick et al. (1999) system and the T dwarf spectral types are on the Burgasser

et al. (2002a) system.

Table 3.2 lists the alternate designations of all the dwarfs listed in Table 3.1. Hereafter,

we will abbreviate 2MASS, DENIS, and SDSS objects as SURVEY hhmm ± ddmm. We

have collected all the published J-, H-, and K-band photometry for the dwarfs from Leggett

(1992), Leggett et al. (1998), Leggett et al. (2002), Leggett et al. (2000a), Leggett et al.

(2001), and the 2MASS Point Source Catalog1 and listed them in Table 3.3. The U-, B-,

and V-band photometry for the M dwarfs from Leggett (1992) are presented in Table 3.4.

lhttp://www.ipac.caltech.edu/2mass/releases/allsky/
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Table 3.1: M, Land T Dwarfs

Object Spectral a c5 'IT 'IT Ref.
Name Type [J2000] [J2000] (mas)

(1) (2) (3) (4) (5) (6)
G1229A M1.0V 061034.6 -215153 173.19 ± 1.12 1
G1205 M1.5V 0531 27.4 -034038 175.72 ± 1.20 1
G1411 M2.0V 11 0320.2 +355812 392.52 ± 0.91 1
G1381 M2.5V 101204.7 -024105 81.23 ± 2.37 1
G1388 M3.0V 10 19 36.3 +1952 12 204.6 ± 2.8 2
G1273 M3.5V 072724.5 +051333 263.26 ± 1.43 1
G1213 M4.0V 054209.3 +122922 172.75 ± 3.88 1
Gl51 M5.0V 01 03 12.0 +622154 95.5 ± 7.3 2
G1406 M6.0V 105629.0 +070052 419.1 ± 2.1 2
GJ 1111 M6.5V 082949.5 +264632 275.8 ± 3.0 2
vB 8 M7.0V 165535.4 -082342 154.5 ± 0.7 3
vB 10 M8.0V 19 1657.7 +050900 170.25 ± 1.37 1
LP 412-31 M8.0V 032059.7 +185423 68.9 ± 0.6 3
LP 944-20 2:M9.0V 033934.6 -352551 201.4 ± 4.2 3
LHS 2924 M9.0V 142843.3 +331038 92.1 ± 1.3 2
DENIS-P 104814.7-395606.1 M9.0V 10 48 14.7 -395606 192 ± 37 4
BRI 0021-0214 2:M9.5 V 002424.6 -015821 86.6 ± 4.0 3
2MASS 07464256+2000321AB LO.5 V 074642.5 +200032 81.9 ± 0.3 3
2MASS 14392836+1929149 L1.0 V 143928.4 +192915 69.6 ± 0.5 3
2MASS 02081833+2542533 L1.0 V 0208 18.3 +254253
Kelu-1 L2.0 V 130540.2 -254106 53.6 ± 2.0 3
2MASS 11463449+2230527AB L3.0 V 11 4634.5 +223053 36.8 ± 0.8 3
2MASS 15065441+1321060 L3.0 V 15 06 54.4 +132106
2MASS 00361617+1821104 L3.5 V 003616.2 +1821 10 111.3 ± 0.8 3
2MASS 22244381-0158521 L4.5 V 222443.8 -01 5852 88.1 ± 0.1 3
2MASS 15074769-1627386 L5.0 V 150747.7 -162739 126.4 ± 0.6 3
SDSS 053951.99-005902.0 L5.0 V 053952.0 -005902 76.12 ± 2.17 5
2MASS 15150083+4847416 L6.0 va 15 1500.8 +484742
2MASS 08251968+2115521 L7.5 V 082519.7 +211552 93.8 ± 0.1 3
DENIS 025503.3-470049.0 L8.0 V 025503.3 -470049
SDSS 125453.90-012247.4 T2.0 V 125453.9 -012247 84.9 ± 1.9 3
2MASS 05591915-1404489 T5.OV 05 59 19.1 -140448 97.7 ± 1.3 3

a Infrared spectral type
REFERENCES.- (1) Perryman et al. (1997); (2) van Altena et al. (1995); (3) Dahn et al. (2002);
(4) Deacon & Hambl (2001); (5) F. Vrba 2003, private communication
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NOTES- GI/GJ - Gliese (1969)/Gliese & JahreiB (1979); 2MASS - 2 Micron All Sky Survey Survey (Skrutskie et al. 1997); SDSS - Sloan
Digital Sky Survey(York et al. 2000); LP - Luyten Palomar; LHS - Luyten Half Second (Luyten 1979); BRI - B, R, and I photographic plates
Irwin et al. (1991); G - Giclas et al. (1971); DENIS - DEep Near-Infrared Survey (Epchtein et al. 1997).



Table 3.3: Infrared Photometry of M, Land T Dwarfs

Object J H K Systema Referencesb

(1) (2) (3) (4) (5) (6)
Gl229A 4.98 ± 0.03 4.35 ± 0.03 4.15 ± 0.03 CIT 1
Gl205 4.74 ± 0.03 4.06 ± 0.03 3.87 ± 0.03 CIT 1
Gl411 4.10 ± 0.03 3.56 ± 0.03 3.36 ± 0.03 CIT 1
GJ 381 6.95 ± 0.03 6.41 ± 0.03 6.19 ± 0.03 CIT 1

7.021 ± 0.023 6.471 ± 0.049 6.193 ± 0.026 2MASS 2
Gl388 5.46 ± 0.03 4.82 ± 0.03 4.61 ± 0.03 CIT 1

5.449 ± 0.027 4.843 ± 0.020 4.593 ± 0.017 2MASS 2
Gl273 5.67 ± 0.03 5.13 ± 0.03 4.88 ± 0.03 CIT 1

5.714 ± 0.032 5.219 ± 0.063 4.857 ± 0.023 2MASS 2
Gl213 7.15 ± 0.03 6.63 ± 0.03 6.37 ± 0.03 CIT 1

7.124 ± 0.021 6.627 ± 0.018 6.389 ± 0.016 2MASS 2
Gl51 8.57 ± 0.03 7.97 ± 0.03 7.71 ± 0.03 CIT 1

8.611 ± 0.027 8.014 ± 0.023 7.718 ± 0.020 2MASS 2
Gl406 7.06 ± 0.03 6.44 ± 0.03 6.08 ± 0.03 CIT 1

7.085 ± 0.024 6.482 ± 0.042 6.084 ± 0.017 2MASS 2
GJ 1111 8.20 ± 0.03 7.62 ± 0.03 7.26 ± 0.03 CIT 1

8.235 ± 0.021 7.617 ± 0.018 7.260 ± 0.024 2MASS 2
vB 8 9.77 ± 0.03 9.19 ± 0.03 8.82 ± 0.03 CIT 1

9.776 ± 0.029 9.201 ± 0.024 8.816 ± 0.023 2MASS 2
9.85 ± 0.03 9.22 ± 0.03 8.84 ± 0.03 UKIRT 6

vB 10 9.90 ± 0.03 9.24 ± 0.03 8.80 ± 0.03 CIT 1
LP 412-31 11.759 ± 0.021 11.066 ± 0.022 10.639 ± 0.018 2MASS 2
LP 944-20 10.68 ± 0.03 9.98 ± 0.03 9.53 ± 0.03 UKIRT 3

10.725 ± 0.021 10.017 ± 0.021 9.548 ± 0.023 2MASS 2
LHS 2924 11.98 ± 0.03 11.20 ± 0.03 10.74 ± 0.03 UKIRT 3

11.990 ± 0.021 11.225 ± 0.029 10.744 ± 0.024 2MASS 2
DENIS 1048-3956 9.538 ± 0.022 8.905 ± 0.044 8.447 ± 0.023 2MASS 2
BRI 0021-0214 11.79 ± 0.03 11.03 ± 0.03 10.57 ± 0.03 UKIRT 3

11.992 ± 0.035 11.084 ± 0.022 10.539 ± 0.023 2MASS 2
2MASS 0746+2000AB 11.759 ± 0.020 11.007 ± 0.022 10.468 ± 0.022 2MASS 2

11.64 ± 0.03 11.01 ± 0.03 10.43 ± 0.03 MKO 4
2MASS 1439+1929 12.759 ± 0.019 12.041 ± 0.019 11.546 ± 0.022 2MASS 2

12.66 ± 0.03 12.05 ± 0.03 11.47 ± 0.03 MKO 4
2MASS 0208+2542 13.989 ± 0.026 13.107 ± 0.030 12.588 ± 0.027 2MASS 2
Kelu-1 13.29 ± 0.03 12.37 ± 0.03 11.82 ± 0.03 UKIRT 3

13.414 ± 0.026 12.392 ± 0.025 11.747 ± 0.023 2MASS 2
2MASS 1146+2230AB 14.165 ± 0.028 13.182 ± 0.026 12.590 ± 0.026 2MASS 2
2MASS 1506+1321 13.365 ± 0.023 12.380 ± 0.021 11.741 ± 0.019 2MASS 2
2MASS 0036+1812 12.466 ± 0.027 11.588 ± 0.030 11.058 ± 0.021 2MASS 2

12.32 ± 0.03 11.63 ± 0.03 11.03 ± 0.03 MKO 4
2MASS 2224-0158 14.073 ± 0.027 12.818 ± 0.026 12.022 ± 0.023 2MASS 2
2MASS 1507-1627 12.830 ± 0.027 11.895 ± 0.024 11.312 ± 0.026 2MASS 2

12.70 ± 0.03 11.90 ± 0.03 11.29 ± 0.03 MKO 4
SDSS 0539-0059 13.94 ± 0.03 12.97 ± 0.03 12.44 ± 0.03 UKIRT 5

14.033 ± 0.031 13.104 ± 0.026 12.527 ± 0.024 2MASS 2
2MASS 1515+4847 14.111 ± 0.029 13.099 ± 0.031 12.500 ± 0.024 2MASS 2
2MASS 0825+2115 15.100 ± 0.034 13.792 ± 0.032 13.028 ± 0.026 2MASS 2
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Object
(1)

DENIS 0255-4700
SDSS 1254-0122
2MASS 0559-1404

Table 3.3: (continued)

J H K Systema Referencesb

(2) (3) (4) (5) (6)
14.89 ± 0.03 13.81 ± 0.03 12.93 ± 0.03 MKO 4

13.246 ± 0.027 12.204 ± 0.024 11.558 ± 0.024 2MASS 2
14.90 ± 0.03 14.06 ± 0.03 13.91 ± 0.03 UKIRT 5

13.802 ± 0.024 13.679 ± 0.044 13.577 ± 0.052 2MASS 2
13.57 ± 0.03 13.64 ± 0.03 13.73 ± 0.03 MKO 4

aSystems.- CIT, Elias et al. (1982); UKIRT, Hawarden et al. (2001); 2MASS, Cohen et al. (2003);
MKO, Tokunaga et al. (2002)
bReferences.- (1) Leggett (1992); (2) 2MASS Point Source Catalog; (3) Leggett et al. (1998);
(4) Leggett et al. (2002); (5) Leggett et al. (2000a); (6) Leggett et al. (2001)

Table 3.4: Optical Photometry of M Dwarfs

Object Spectral Type U B V
(1) (2) (3) (4) (5)

Gl229 A M1.0V 10.81 9.62 8.12
Gl205 M1.5 V 10.63 9.42 7.95
Gl411 M2.0V 10.12 8.98 7.47
GJ 381 M2.5V 13.47 12.23 10.64
Gl388 M3.0V 10.06 9.00 7.47
Gl273 M3.5V 12.55 11.43 9.86
Gl213 M4.0V 14.39 13.17 11.53
Gl51 M5.0V 15.46 13.78
Gl406 M6.0V 17.03 15.44 13.45
GJ 1111 M6.0V 16.84 14.79
vB 8 M7.0V 19.00 16.80
vB 10 M8.0V 19.63 17.50
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3.3 Observations and Data Reduction

We obtained infrared spectra of the 32 dwarfs listed in Table 3.1 using two instruments;

SpeX (Rayner et al. 2003) mounted on the 3.0m NASA Infrared Telescope Facility and the

IRCS (Infrared Camera and Spectrograph, Kobayashi et al. 2000) mounted on the 8.2m

Subaru telescope. SpeX is a medium resolution, 0.8-5.5 /-lm spectrograph and was used in

the majority of the observations. However the faintest targets, for which it is difficult to

obtain L-band spectra with SpeX, were observed using the L-band grism mode of IRCS. The

following three sections describe the acquisition and reduction of the data, the absolute flux

calibration of the spectra, and the merging of the SpeX, IRCS, and published red-optical

spectra to produce absolute flux-calibrated, 0.6-5.0 /-lm spectra.

3.3.1 SpeX Observations

SpeX is a 0.8-5.5 /-lm, medium-resolution, cross-dispersed spectrograph equipped with a

1024 X 1024 Aladdin 3 InSb array. The entire 0.8 to 5.0 /-lm wavelength range is covered

at R == AIL::::..A :::::; 2000 using two cross-dispersed modes. The SXD (short-wavelength cross

dispersed) mode covers the 0.8-2.4 /-lm wavelength range, except for a 0.6 /-lm gap between

the Hand K bands, while the LXD1.9 and LXD2.1 (long-wavelength cross-dispersed) modes

cover the 1.9-4.2 and 2.1-5.0 /-lm wavelength ranges, respectively. A low-resolution prism

mode (LowRes15) is also available which provides continuous wavelength coverage from 0.8

to 2.5 /-lm at R :::::; 200. The length of the slit in all three modes is 15".

The observations were conducted over a period of three years beginning with the SpeX

commissioning observations in 2000-05 and ending in 2003-10. A log of the observations,

including the UT date of observation, spectroscopy mode, average resolving power, total

on-source integration time, and AO V standard star, is given in Table 3.5. The 0'!3 and 0'!5

slits were used in the SXD mode, depending on the brightness of the target, and provide

a <R> of 2000 and 1200, respectively. Three slits with widths of 0'!3, 0'!5, and 0'!8 were

used in the LXD modes, corresponding to an <R> of 2500, 1515, and 938, respectively. We
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also obtained (continuous) low-resolution spectra of five of the dwarfs using the LowRes15

mode and the 0'!3 slit (R ~ 200).

To facilitate subtraction of the additive components of the signal (electronic bias level,

dark current, and sky and background emission) observations consisted of a series of

exposures (6 to 50) taken at two different positions along the slit separated by 7'!78. On

chip exposures times were limited by the target in the SXD and ranged from 1 sec to

300 sec. LXD exposure times were limited to 30 sec in the LXD1.9 mode, and 5 sec in

the LXD2.1 mode to avoid saturation of the strong sky emission features at A ~4.2 /-tm.

In the SXD mode, the majority of the observations were taken with the slit rotated to

the parallactic angle to minimize differential slit losses due to atmospheric refraction. In

addition to the science object, we also obtained spectra of a nearby AO V star for each

science object to correct for absorption due to the Earth's atmosphere and to flux calibrate

the science object. We observed AO V stars with V -band magnitudes of V =4-8 in the SXD

and LowRes15 mode and V < 6 in the LXD modes. The airmass difference between the

object and standard was almost always less than 0.1 and usually less than 0.05. However,

in a few cases where there was a paucity of nearby AO V stars, the airmass difference grew

as large as 0.2. Finally, a set of flat field exposures and argon arc lamp exposures were

taken after each object/standard pair for flat fielding and wavelength calibration purposes.
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Table 3.5: Log of SpeX Observations

Object Spectral UT-Date Mode <R> Exp. Time AOV
Name Type (sec) Standard

(1) (2) (3) (4) (5) (6) (7)
Gl229A M1.0 V 2002-01-10 SXD 2000 200 HD 42301

2002-01-11 LXD2.1 2500 250 HD 42301
Gl205 M1.5 V 2000-10-24 SXD 2000 100 HD 40210

2000-10-25 LXD2.3 2500 300 HD 34317
Gl411 M2.0V 2000-12-10 SXD 2000 60 HD 88960

2000-12-10 LXD2.3 2500 500 HD 88960
Gl381 M2.5V 2002-01-10 SXD 2000 300 HD 85504

2002-01-11 LXD2.1 2500 500 HD 85504
Gl388 M3.0V 2000-12-10 SXD 2000 180 HD 88960

2000-12-10 LXD2.3 1500 250 HD 88960
Gl273 M3.5V 2002-01-11 SXD 2000 300 HD 50931

2002-02-28 LXD2.1 2500 600 HD 50931
Gl213 M4.0V 2000-12-09 SXD 2000 720 HD 34203

2000-12-09 LXD2.3 2500 500 HD 34203
Gl51 M5.0V 2000-11-06 SXD 2000 600 HD 5071

2000-11-06 LXD2.3 1500 250 HD 11946
Gl406 M6.0V 2001-01-25 SXD 2000 360 HD 97585

2001-01-24 LXD2.3 2500 500 HD 97585
GJ 1111 M6.5V 2000-12-09 SXD 2000 960 HD 64648

2000-12-09 LXD2.3 2500 1000 HD 64648
vB 8 M7.0V 2001-07-12 SXD 2000 1440 HD 148968

2001-07-12 LXD1.9 938 660 HD 148968
vB 10 M8.0V 2001-07-13 SXD 2000 1440 HD 183324

2001-07-13 LXD2.1 938 660 HD 183324
LP 412-31 M8.0V 2003-09-20 SXD 2000 1800 HD 21686

2003-09-21 LXD1.9 1500 600 HD 21686
LP 944-20 M9.0V 2001-01-24 SXD 2000 1080 HD 18735

2002-01-11 LXD2.1 938 2400 HD 18735
LHS 2924 M9.0V 2003-02-23 SXD 2000 1200 HD 127304

2003-02-24 LXD1.9 938 600 HD 127304
DENIS 1048-3956 M9.0V 2000-12-09 SXD 2000 1440 HD 99627

2000-12-11 LXDl.9 938 900 HD 99627
2001-03-11 LowRes15 300 960 HD 99508

BRI 0021-0214 M9.5V 2001-10-12 SXD 2000 1440 HD 9485
2000-11-06 LXD1.9 938 720 HD 1663

2MASS 0746+2000AB LO.5 V 2001-01-25 SXD 2000 1920 HD 64648
2002-02-28 LXD1.9 938 1800 HD 6448
2001-03-23 LowRes15 300 720 HD 64648

2MASS 1439+1929 L1.0 V 2001-03-22 SXD 2000 2160 HD 131951
2MASS 0208+2542 L1.0 V 2002-11-11 SXD 2000 2640 HD 13869
Kelu-l L2.0 V 2001-01-25 SXD 2000 3120 HD 119752

2001-01-24 LXD1.9 938 2460 HD 119752
2002-02-28 LXD1.9 938 2280 HD 119752

2MASS 1146+2230AB L3.0 V 2001-01-25 SXD 1200 2160 HD 107655
2001-03-13 SXD 1200 3360 HD 105388
2001-03-14 SXD 1200 4800 HD 105388
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Table 3.5: (continued)

Object Spectral UT-Date Mode <R> Exp. Time AOV
Name Type (sec) Standard

(1) (2) (3) (4) (5) (6) (7)
2MASS 1506+1321 L3.0 V 2001-03-13 SXD 2000 2640 HD 131951

2000-07-15 LXD1.9 938 1200 HD 131951
2002-02-28 LXD1.9 938 1800 HD 131951

2MASS 0036+1821 L3.5 V 2003-08-05 SXD 2000 1200 HD 6457
2003-08-05 LXD1.9 938 1800 HD 6457

2MASS 2224-0158 L4.5 V 2001-08-07 SXD 2000 4320 HD 212404
2MASS 1507-1627 L5.0 V 2001-03-14 SXD 2000 2160 HD 133772

2001-03-22 SXD 2000 2400 HD 133772
2000-07-17 LXD1.9 938 2100 HD 133772
2002-02-28 LXD1.9 938 1200 HD 124683
2001-03-22 LowRes15 300 1080 HD 133772

SDSS 0539-0059 L5.0 V 2000-11-06 SXD 1200 2160 HD 36058
2001-01-24 SXD 1200 2400 HD 35656
2000-11-06 LowRes15 300 1440 HD 36058

2MASS 1515+4847 L6.0 V 2002-05-28 SXD 2000 4800 HD 116405
2002-05-29 LowRes15 300 720 HD 116405

2MASS 0825+2115 L7.5 V 2001-01-24 SXD 1200 2160 HD 64648
2001-03-12 SXD 1200 6960 HD 64648
2001-03-13 SXD 1200 2880 HD 64648
2001-03-14 SXD 1200 3120 HD 64648
2001-03-11 LowRes15 300 2160 HD 64648

DENIS 0255-4700 L8.0 V 2003-09-21 SXD 2000 1500 HD 21638
SDSS 1254-0122 T2.0V 2001-01-25 SXD 1200 1920 HD 111744

2001-03-13 SXD 1200 4080 HD 109309
2001-03-14 SXD 1200 2160 HD 109309
2001-01-22 LXD1.9 938 4200 HD 109309
2001-03-22 LowRes15 300 1440 HD 109309

2MASS 0559-1404 T5.0 V 2000-11-06 SXD 1200 1920 HD 41695
2001-01-25 SXD 1200 2880 HD 41695
2001-01-25 LowRes15 300 1680 HD 41695
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We reduced the data using Spextool (see Chapter 2, Cushing et al. 2003b), the facility

IDL-based data reduction package for SpeX. The reduction process is identical for all four

modes. The initial image processing consists of correcting each science frame for non

linearity, subtracting the pairs of images taken at the two different slit positions to remove

the bias level, dark current, sky and background emission (to first order), and dividing the

pair-subtracted images by a normalized flat field to correct for pixel-to-pixel QE variations.

The spectra are then optimally extracted, after subtracting the residual sky signal on a

column-by-column basis, and wavelength calibrated using argon lines in the SXD mode and

argon lines and sky emission features in the LXD modes. All wavelengths are given in

vacuum. Multiple spectra of a single target are then combined together (order by order for

the XD modes), using a median.

The raw dwarf spectra were corrected for telluric absorption and flux calibrated (to rv ±

10%) using the extracted AO V spectra and the technique described by Vacca et al. (2003b).

For each cross-dispersed mode, the spectra from different orders are merged together to form

a continuous spectrum. In principle, the flux levels in overlapping orders should match

exactly but in practice we find mismatches in the fluxes levels of up to 3% but typically less

than 1%. Any mismatch is removed by scaling one spectrum to the other. The merged SXD

and LXD spectra are smoothed with a Savitzky-Golay kernel (Press et al. 1992) of width 1.5

times the slit width measured in pixels. Unlike gaussian kernels, the Savitzky-Golay kernel

smooths data with a minimal loss of spectral resolution. The LXD spectrum is then scaled

to match the flux level of the SXD spectrum and the two spectra are combined to produce a

continuous 0.8 to ",5.0 /-Lm spectrum. The final step in the reduction is cosmetic in nature.

Regions of strong telluric absorption are removed from the spectrum and bad/hot pixels

are replaced by linear interpolation from either side of the bad/hot pixels.

Although the spectra in the different orders of the cross-dispersed modes are scaled to a

common flux level during the merging process, errors can be introduced in the relative flux

levels of the different orders if the signal in the overlap regions, which is used to determined

the scaling factor, is weak. Such is the case for dwarf stars of spectral type ~M6 because of
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the strong intrinsic water absorption bands present in their spectra at the wavelengths of the

order overlaps. Therefore, we have performed two tests to confirm the the cross-dispersed

spectra accurately represent the spectral energy distribution of the dwarfs. First we have

compared the SXD and LowRes15 spectra of the five dwarfs observed in both modes. The

LowRes15 modes produces a single spectrum that covers from 0.8 to 2.5 J1m. Therefore,

spectra obtained in this mode are immune to the scaling errors described above. Figure

3.1 shows the SXD (black) and LowRes15 (red) spectra of the five dwarfs. The spectra

have been normalized to unity at 1.3 J1m and offset by a constant. The overlap is excellent

(within "'-'5%) except for 2MASS 1515+4847.

The second test was to compute synthetic colors of the dwarfs and then compare the

synthetic colors with colors derived from the published photometry presented in Table 3.3.

The synthetic color between two bandpasses X and Y is given by,

1
[
JAf~bj (A)Tx(A)dA ] 1 [J Af~bj (A)TY(A)dA ]

X - Y = -2.5 x 0 + 2.5 x 0
g JAf~ega(A)Tx(A)dA g JAf~ega(A)TY(A)dA

(3.1)

where f~egap..) is the flux density of Vega, f~bj (A) is the flux density of the object, and

T(A) is the transmission function for each bandpass. T(A) is given by the product of the

filter transmission and the typical atmospheric transmission at an airmass of 1 for the site

at which the observation was conducted. We used a Kurucz model of Vega (Teff = 9550K,

log 9 = 3.950, Vrot = 25 km s-l, and Vturb = 2 km s-l) scaled to the flux at A=5556 A given

by Megessier (1995) for f~ega(A). Equation 3.1 assumes that Vega has a magnitude of zero

at all wavelengths. The factors of A inside the integrals convert the energy flux densities

f>. to photon flux densities which ensures that the integrated fluxes are proportional to the

observed photon count-rate (e.g., Koornneef et al. 1986; Buser & Kurucz 1992). The CIT,

UKIRT, and MKO transmission functions were kindly provided by S. Leggett (2002 & 2003,

private communication) while the 2MASS filter transmissions are from Cohen et al. (2003).

It should be noted that the A factors should be removed from Equation 3.1 when using the
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Figure 3.1 Comparison between the ShortXD spectrum (black) and the LowRes15 (red)
spectrum. The agreement is excellent (within "'5%) except for 2MASS1515+4847 where
the K-band fluxes do not match.



Table 3.6: Color Residuals

System
CIT
UKIRT
2MASS
MKO

+O.05±O.03
-O.OO±O.02
-O.Ol±O.04
-O.02±O.03

-O.04±O.02
+O.Ol±O.04
+O.03±O.04
+O.Ol±O.02

+O.01±O.03
+O.Ol±O.06
+O.02±O.04
-O.Ol±O.04

Note: OX-y = (X - Y)obs - (X - Y)synt; the errors are given by the RMS deviation.

2MASS filter transmission curves from Cohen et al. (2003) because the curves have already

been multiplied by A.

For each of the dwarfs listed in Table 3.3, we computed synthetic J-H, H -K, and J-K

colors using Equation 3.1 in each of the photometric systems for which a magnitude was

published. Figure 3.2 shows the residuals between the published colors and synthetic colors,

JX _ y, as a function of spectral type for each photometric system. The errors bars are given

by the error on the published colors. The average residual for each color and photometric

system are given in Table 3.6. Except, for the CIT system, the average residuals indicate

the SXD spectra accurately represent the true SED of the dwarfs.

The final step in the reduction process is to absolute flux calibrate the spectra using

published photometry. We choose to use the H-band magnitudes because 1) the 2MASS

J bandpass extends into the telluric water band centered at 1.4 !tm which may produce

calibration errors and 2) the UKIRT K bandpass extends to the atmospheric cutoff at ,,-,2.5

!tm while some of our spectra do not. Since some of the dwarfs have been observed in

multiple photometric systems, we flux calibrate them using photometry from the MKO,

UKIRT, 2MASS, and CIT system in decreasing order of confidence. The flux calibrated

spectrum f>.. (A) is given by,

(3.2)

where mH is the H-band magnitude of the object, f~ega(A) is the flux density of Vega,

ffbs(A) is the observed flux density of the object, and TH(A) is the transmission function
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Figure 3.2 Residuals between the synthetic colors and published colors.
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Table 3.7: Log of IReS Observations

Object Spectral UT-Date <R> Integration Time AO V Standard
Name Type (sec)

(1) (2) (3) (4) (5) (6)
2MASS 2224-0158 L4.5 V 2002-12-12 425 3920 HD 215143
SDSS 0539-0059 L5.0 V 2002-12-09 425 1800 HD 37887
2MASS 1507-1627 L5.0 V 2001-05-06 212 1800 HD 24683
2MASS 0825+2115 L7.5 V 2001-05-06 212 1600 HD 64648
DENIS0255-4700 L8.0 V 2002-12-09 212 HD 28813
SDSS 1254-0122 T2.0 V 2001-05-06 212 1800 HD 109309
2MASS 0559-1404 T5.0 V 2002-12-09 212 18130 HD 47596

of the H band. The correct factor, given by the last two terms in Equation 3.2, typically

ranged from 0.8 to 1.2. As with Equation 3.1, the factor of A in both the numerator and

denominator is removed when using the 2MASS filter transmission curves of Cohen et al.

(2003).

3.3.2 IReS Observations

The IRCS is a facility infrared imager and spectrograph for the 8.2m Subaru telescope.

The imager, which is equipped with a 1024 x 1024 Alladin 3 InSb array, also contains

grisms for low-resolution spectroscopy (the "spectrograph" is a cross-dispersed echelle for

high-resolution spectroscopy). We used the L-band grism (2.90-4.16 /-lm) with slit widths

of 0'!3 and 0'!6 which provided average resolving powers of ",425 and ",212, respectively.

A log of the observations, including the UT date of observation, the average resolving

power <R>, total on-source integration time and AO V standard star, is given in Table 3.7.

The observing strategy was identical to that employed in the SpeX observations. A series

of exposures were taken in pairs at two different positions along the 20"-long slit separated

by 5'!0. We obtained ",30 pairs of exposures for each target so that bad/hot pixels could

be removed in the data reduction process. A nearby AO V star was also observed for each

science object to correct for absorption due to the Earth's atmosphere. Finally, a series of

flat field exposures and dark frames were taken at the end of each night.
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The spectra were extracted using a modified version of Spextool (Cushing et al. 2003b).

The median combined dark frames were subtracted from the median combined flat field

frames. Each pair of target exposures is then subtracted and the resulting image flat fielded

to remove pixel-to-pixel variations. The spectra are then sum extracted (see, Cushing et al.

2003b) and wavelength calibrated using the numerous sky emission features. The telluric

correction process is much simpler than in the case of the SpeX observations because 1) the

hydrogen lines in the spectrum of the AO V standard are weaker than hydrogen lines in the

0.8-2.5 J-Lm wavelength range, 2) the spectra are low-resolution, and 3) the continuum of

the AO V standard is well approximated by a blackbody at these wavelengths. Therefore,

we simply divide the object spectrum by the standard star spectrum to remove the telluric

absorption and instrument throughput and then multiply the result by a Planck function of

9500 K, the effective temperature of AO stars (Cox 2000), to restore the continuum shape

of the object.

Since the spectra do not overlap in wavelength with the SXD spectra, they must be flux

calibrated before they can be combined with the SpeX data. Two of the dwarfs, 2MASS

2224-0158 and DENIS 0255-4700, lack published L' magnitudes. Therefore, we measured

their L'-band magnitudes in the MKO photometric system using the SpeX guider camera on

2003-08-10 and 2003-10-03 UT, respectively. We measured a magnitude mv = 1O.74±0.04

for 2MASS 2224-0158 and mv = 10.2 ± 0.05 for DENIS 0255-4700. The spectra are flux

calibrated using the L'-band magnitudes and Equation 3.2 and then merged with the SpeX

spectra lacking a 3-4 J-Lm spectrum.

Two of the dwarfs were observed with both the LXD mode of SpeX and with the L'

band grism of IRCS. Figure 3.3 shows the flux-calibrated, 2.9-4.2 J-Lm spectra from SpeX

(black) and IRCS (red) of 2MASS 1507-1627 and SDSS 0539-0059. The overall shape of

the spectra agree well. However, the flux level of the IRCS spectrum of 2MASS 1507-1627

is 10% higher than the SpeX spectrum. This is larger than the errors in the H- and L'-band

magnitudes. It is unclear what is causing this problem.
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Figure 3.3 Comparison between flux calibrated SpeX spectra (black) and flux calibrated
IRCS spectra (red) for 2MASS 1507-1627 (L5 V) and SDSS 1254-0122 (T2 V). The SpeX
spectra have been smoothed to R=200 to match the resolving power of the IRCS spectra.

Finally, Figure 3.4 shows the typical 0.8-4.2 J.lm error spectrum for a M, L, and T dwarf.

The error spectrum has been multiplied by a factor of ten for clarity. The signal-to-noise

ratio of the SXD spectra are all high >50 and in most cases, > 100, while the signal-to-noise

ratio from 3 to 4 J.lm ranges from 5 to 30.

3.3.3 Combining the Optical and Infrared Spectra

The spectra are extended blueward to "-'0.6 J.lm using published red-optical spectra. Table

3.8 summarizes the characteristics of the optical spectra including the wavelength range,

the spectral resolution, and original reference. The spectra, which cover from roughly 0.6 to

0.95 J.lm and have a resolutions ranging from 9 to 18 A (R=890, 444), were kindly provided

to us by D. Kirkpatrick, S. Leggett, E. Martin, A.J. Burgasser, and H.R.A. Jones.

73



.-. 4x10- 13

I

[ 3x10-13

N
I
E 2x10- 13

~

--; 1 x10- 13
u..

1.0 1.5

vB 8 (M7.0 V)
Error 10X

2.0 2.5 3.0
Wavelength (p.m)

3.5 4.0

.-. 4x10-14

I

[ 3x10-14

N
I
E 2x10- 14

~

--; 1x10- 14

u..

2MASS 0036+ 1821
Error 10X

1.0 1.5 2.0 2.5 3.0
Wavelength (p.m)

3.5 4.0

SDSS 1254-0122 (T2.0 V)
Error 10X

6 x1 0-15 o:;-r----,-~~J""""""""T~~~--,---.-~.______._~-~_.____.._~~___,_~~~ ...........""':l

::' 5x10-15
I

[ 4x10-15

N
I 3x10-15
E
~ 2x10-15--
~ 1x10- 15

0E......--'--"-~-.:L::=::.:.---~~=::::........l~~..:........---....::::~:.....:.......~~ .......................3
1.0 1.5 2.0 2.5 3.0

Wavelength (p.m)
3.5 4.0

Figure 3.4 Flux calibrated spectra and error spectra for vB 8 (M7.0 V), 2MASS 0036+1821
(L3.5 V), and SDSS 1254-0122 (T2.0 V).
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For each dwarf, the wavelengths of the optical spectrum were converted from air to

vacuum. The optical spectrum was scaled to the same flux level as the flux-calibrated SpeX

spectrum and linearly interpolated onto the wavelength grid of the SpeX spectrum. The

two spectra were then combined using a mean. Since many of the optical spectra have not

been corrected for telluric absorption, care was taken to scale the spectra using wavelength

ranges with a minimal amount of telluric absorption, namely 0.81-0.83 p,m and 0.99-1.05

p,m. The flux calibrated 0.6-4.2 p,m spectra of the dwarfs listed in Table 3.1 are shown in

Figures 3.5 and 3.6. The gap in the spectra at '"1.85 p,m are due a break in the wavelength

coverage of the SXD mode. We have removed the spectra from 2.5 to 2.9 p,m because the

atmosphere is opaque at these wavelengths.

3.4 Analysis

3.4.1 Feature Identifications

The identification of atomic and molecular absorption features in the spectra of M, L, and

T dwarfs is important because as with stars of higher mass, they can be used to constrain

Tell, logg, and [M/H]. In addition, they can be used to identify missing opacity sources in

atmospheric models. There have been numerous infrared spectroscopic studies that identify

both atomic and molecular absorption features in the spectra of M, L, and T dwarfs (e.g.,

Jones et al. 1994; Ali et al. 1995; Leggett et al. 1996; McLean et al. 2000; Reid et al.

2001a; Burgasser et al. 2000, 2002a). However, the quality of the identifications range from

secure to questionable because in some cases, the spectra suffer from a combination of

low resolution, low signal-to-noise ratio, small wavelength coverage or sparse spectral type

coverage. Since our spectra overcome each of these shortcomings, we have conducted a

systematic search for both atomic and molecular features in the spectra of the M, Land T

dwarfs. We have confined our search to A ~ 0.95p,m since Kirkpatrick et al. (1991, 1995,

1999) have adequately identified the atomic and molecular features in the spectra of the

dwarfs shortward of this wavelength.
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Table 3.8: Optical Spectra M, Land T Dwarfs

1
1
1
1

(5)

1
1
1
1
1
1
1
10
2
1
3
2
4
5
6

11
5
7
4
6
4
8

Ref. a

18.0
18.0
18.0
18.0

18.0
18.0
18.0
18.0
18.0
18.0
18.0
9.0

0.43
18.0

?
7.0
9.0
9.0
9.0
9.0
9.0
9.0
9.0
9.0
9.0
13.0

Resolution
(A)
(4)

0.61-0.92
0.61-0.92
0.61-0.92
0.61-0.92

0.61-0.92
0.61-0.92
0.69-0.92
0.61-0.92
0.61-0.92
0.61-0.92
0.61-0.92
0.64-1.01
0.64-0.92
0.64-0.92
0.60-1.00
0.64-0.99
0.64-1.01
0.64-1.01
0.64-1.01
0.64-1.01
0.64-1.01
0.64-1.01
0.64-1.01
0.64-1.01
0.64-1.01
0.54-0.89

Wavelength
Range (J.Lm)

(3)

Object Spectral
Name Type

(1) (2)
GI 229A M1.0 V
Gl205 M1.5 V
G1411 M2.0 V
Gl381 M2.5 V
Gl388 M3.0 V
Gl273 M3.5 V
Gl213 M4.0 V
Gl51 M5.0 V
Gl406 M6.0 V
GJ 1111 M6.5 V
VB 8 M7.0V
VB 10 M8.0 V
LP 412-30 M8.0 V
LP 944-20 2M9.0 V
LHS 2924 M9.0 V
DENIS 1048-3956 M9.0 V
BRI0021-0214 2M9.5 V
2MASS 0746+2000AB LO.5 V
2MASS 1439+1929 L1.0 V
2MASS 0208+2542 L1.0 V
Kelu-1 L2.0 V
2MASS 1146+2230AB L3.0 V
2MASS 1506+1321 L3.0 V
2MASS 0036+1821 L3.5 V
2MASS 2224-0158 L4.5 V
2MASS 1507-1627 L5.0 V
SDSS 0539-0059 L5.0 V
2MASS 1515+4847 L6.0 V
2MASS 0825+2115 L7.5 V 0.64-1.01 9.0 6
DENIS 0255-4700 L8.0 V 0.40-1.04 ? 10
SDSS 1254-0122 T2.0 V 0.64-1.01 7.0 9
2MASS 0559-1404 T5.0 V 0.64-1.01 7.0 9

a References: (1) Kirkpatrick et al. (1991); (2) Tinney & Reid (1998); (3) Delfosse et al. (2001);
(4) Reid et al. (2000); (5) Kirkpatrick et al. (1999); (6) Kirkpatrick et al. (2000); (7) Gizis et al.
(2000); (8) Fan et al. (2000); (9) Burgasser et al. (2003a); (10) Martin et al. (1999b); (10) Reid et al.
(2001a); (11) http) /spider.ipac.caltech.edu/staff/davy/ ARCHIVE/indexLspec.html
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We describe the identification of the molecular and atomic features in the following two

sections. Many of the features are weak and are can easily be mistaken for noise. However,

we are confident in these identifications because unlike noise, the features can be tracked

through the spectral sequence. Tables 3.9 lists the identified molecular features while Table

3.10 lists the identified atomic features. Figure 3.7 shows the 0.6-4.1 /-tm spectra of a

sequence of dwarfs with spectral types ranging from M2 V to T2 V along with the most

prominent molecular absorption features which include H20, CO, VO, FeR, CH4 • Figures

3.8 - 3.15 show a sequence of the M, Land T dwarfs in each of the Z-, J-, H-, and K-bands.

Note the wavelength at which the spectra are normalized to unity differs for each band.

Finally, we avoid describing the features as 'lines' since at R ~ 2000, the majority of the

features, especially the molecular ones, are blends of many individual lines.
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Table 3.9: Molecular Features in M, L, and T Dwarfs

Wavelength (/lm) Species Transition Ref.u
(1) (2) (3) (4)

0.89-0.99 H20 3V3,VI + 2V3, 2VI + v3, 3VI,vI + 2V2 + v3, 2VI + 2V2 1
0.9896 head FeH 0-0 band of F 4~ - X 4~ 3
1.00606 Q-branch FeH 0-0 band of F 4~ - X 4~ 6
1.05-1.08 VO 0-0 band of A 4n - X 4~- 5
1.09-1.20 H20 v2 + 2V3, vI + V2 + V3, 2VI + V2, 3V2 + V3, VI + 2V2 1
1.1-1.24 CH4 3V3 9
1.1939 head FeH 0-1 band of F 4~ - X 4~ 3
1.22210 Q-branch FeH 0-0 band of F 4~ - X 4~ 6
1.2389 head FeH 1-2 band of F 4~ - X 4~ 3
1.3-1.51 H20 2V3, vI + V2, 2VI, 2V2 + V3, VI + 2V2 1
1.58263 head FeH 0-0 band of E 4n - A 4n 4
1.59188 head FeH 0-0 band of E 4n - A 4n 4
1.62457 head FeH 0-0 band of E 4n - A 4n 4
1.6-1.8 CH4 2V3, 2V2 + V3 8
1.75-2.05 H20 v2 + V3,VI + V2,3v2 1
2.3-3.2 H20 VI,V3,2v2 1
2.15-2.5 CH4 V3 + V4, V2 + V3 8
2.29352 head I2CO 2-0 band of X 1~+ - X 1~+ 2
2.32266 head I2CO 3-1 band of X 1~+ - X 1~+ 2
2.34483 head I3CO 2-0 band of X 1~+ - X 1~+ 2
2.35246 head I2CO 4-2 band of X I~+ - X I~+ 2
2.38295 head I2CO 5-3 band of X 1~+ - X 1~+ 2
2.41414 head I2CO 6-4 band of X 1~+ - X 1~+ 2
1.8-2.8 H2 CIA 11
3.4-4.2 heads OH ~v = +1, +2 bandheads 10
3.0-3.8 CH4 V3 7

U References: (1) Auman (1967); (2) Goorvitch (1994); (3) Phillips et al. (1987); (4) Wallace & Hinkle
(2001); (5) Chueng et al. (1982); (6) Cushing et al. (2003a); (7) Noll et al. (2000); (8) Leggett et al.
(2000b); (9) Danielson (1966); 10 Wallace & Hinkle (2002); (11) Borysow et al. (1997)
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Table 3.10: Atomic Features in M, L, and T Dwarfs

Observed Vacuum Species Laboratory Vacuum Configuration Terms Levels Ref.a

Wavelength (p,m) Wavelength (p,m)
(1) (2) (3) (4) (5) (6) (7)

0.95500460 Til 0.9548695 3d3(4F)4s - 3d2eF)4s4pepO) a 5F - z 5Fo 4-5 5,6
0.96042912 Ti I 0.9602225 3d3(4F)4s - 3d2 (3F)4s4pepO) a 5F - z 5Fo 3-4 5,6
0.96408301 Ti I 0.9640946 3d3(4F)4s - 3d2 eF)4s4pepO) a 5F - z 5Fo 5 - 5 5,6
0.96516997 Ti I 0.9650017 3d3(4F)4s - 3d2 (3F)4s4pepO) a 5F - z 5Fo 2 - 3 5,6
0.96774343 Til 0.9678200 3d3(4F)4s - 3d2 (3F)4s4pepO) a 5F - z 5Fo 4 - 4 5,6
0.96923371 Til 0.9691532 3d3(4F)4s - 3d2 eF)4s4pepO) a 5F - z 5Fo 1 - 2 5,6
0.97085682 Til 0.9708330 3d3(4F)4s - 3d2 (3F)4s4p(3p o ) a 5F - z 5Fo 3 - 3 5,6
0.97315592 Til 0.9731080 3d3(4F)4s - 3d2 eF)4s4pepO) a 5F - z 5Fo 2 - 2 5,6
0.97465017 Til 0.9746277 3d3(4F)4s - 3d2 eF)4s4pepO) a 5F - z 5Fo 1 - 1 5,6
0.97708032 Ti I 0.9772982 3d3(4F)4s - 3d2 eF)4s4pepO) a 5F - z 5Fo 5 - 4 5,6
0.97884568 Ti I 0.9785996 3d3(4F)4s - 3d2 eF)4s4pepO) a 5F - z 5Fo 4-3 5,6

Ti I 0.9786271 3d3(4F)4s - 3d2 eF)4s4pepO) a 5F - z 5Fo 2 - 1 5,6

00 Ti I 0.9790372 3d3(4F)4s - 3d2 eF)4s4pepO) a 5F - z 5Fo 3-2 5,6
...... 0.98357543 Ti I 0.9834837 3d3eG)4s - 3d2 eF)4s4pe PO) a 3G _ Y 3Fo 5 - 4 5,6

1.0219217 Fe I 1.0219114 y 3Do - e 3F 3-4 2
Fe I 1.0221211 c 3p _ Z 3po 1 - 0 2

1.0328393 Sr II 1.033014
1.0347329 Fe I 1.0343720 a 5p - z 5Fo 2 - 3 2

Ca I 1.0346654 4s4p - 4s5s Ipo _ IS 1 - 0 6
1.0382309 Si I 1.03741066 3s2 3p4s - 3s23p4p 3po _ 3S 1 - 1 4,6
1.0399835 Fe I 1.0398646 a 5p - z 5Fo 3-4 2

Ti I 1.039961 3d3(4F)4s - 3d2 eF)4s4pepO) a 5F - z 5Go 5 - 6 5,6
1.0426753 Fe I 1.0425887 a 3G _ 3Fo 5 - 4 2

Fe I 1.0426602 c 3p _ Z 3po 1 - 2 2
1.0471180 Fe I 1.0472523 z 3Do _ d8 3p 3 - 2 2
1.0500833 Ti I 1.049896 3d3(4F)4s - 3d2 eF)4s4pepO) a 5F - z 5Go 4 - 5 5,6
1.0588292 Ti I 1.058753 3d3(4F)4s - 3d2 eF)4s4pepO) a 5F - z 5Go 3-4 5,6

Si I 1.05880398 3s2 3p4s - 3s23p4p 3po _ 3S 2 - 1 4,6
1.0608472 Si I 1.06063320 3s23p4s - 3s23p4p 3po _ 3p 1 - 2 4,6

Ti I 1.061059 3d3(4F)4s - 3d2 (3F)4s4pepO) a 5F - z 5Go 5 - 5 5,6
1.0664966 Ti I 1.066457 3d3(4F)4s - 3d2 eF)4s4pepO) a 5F - z 5Go 2 - 3 5,6



Table 3.10: (continued)

Observed Vacuum Species Laboratory Vacuum Configuration Terms Levels Ref.a

Wavelength (J.tm) Wavelength (J.tm)
(1) (2) (3) (4) (5) (6) (7)

Si I 1.06638906 3s23p4s - 3s23p4p 3po _ 3p 0-1 4,6
1.0697268 Si I 1.06926395 3s23p4p - 3s23p4d 3D _ 3Fo 1 - 2 4,6

Si I 1.06971755 3s23p4p - 3s23p4d 3D _ 3Fo 2 - 3 4,6

1.1258730 Ai I 1.1256273 3S2 (IS)3d - 38 2(IS)4/ 2D _ 2Fo 3/2 - 5/2 1
Ai I 1.1257959 3s2 eS)3d - 38 2eS)4/ 2D _ 2Fo 5/2 - 7/2 1
Ai I 1.1257970 3s2eS)3d - 38 2eS)4/ 2D _ 2Fo 5/2 - 5/2 1

1.1383850 Nal 1.1384571 3p - 4s 2po _ 2S 1/2 - 1/2 1
1.1408517 Nal 1.1406902 3p - 4s 2po _ 2S 3/2 - 1/2 1
1.1593413 Fe I 1.1596765 a 5p _ z 5Do 1 - 0 2
1.1612996 Fe I 1.1610752 a 5p - z 5Do 2 - 2 2
1.1640519 Fe I 1.1641450 a 5p _ z 5Do 3 - 3 2

00 1.1692427 Kl 1.1693417 3p6(IS)4p - 3p6(IS)3d 2po _ 2D 1/2 - 3/2 1
~ Fe I 1.1693176 a 5p _ z 5Do 1 - 1 2

1.1778406 Kl 1.1772862 3p6(IS)4p - 3p6(IS)3d 2po _ 2D 3/2 - 3/2 1
Kl 1.1776060 3p6eS)4p - 3p6eS)3d 2po _ 2D 3/2 - 5/2 1

1.1801096 Fe I 1.1786492 b 3p - z 3Do 2 - 3 2
1.1833522 Mgl 1.1831427 3s3p - 3s4s Ipo _ IS 1 - 0 1
1.1891897 Fe I 1.1886099 a 5p - z 5Do 2-3 2

Fe I 1.1887338 a 5p _ z 5Do 1 - 2 2
1.1974243 Fe I 1.1976327 a 5p _ z 5Do 3-4 2

Til 1.1977125 3d3(4F)4s - 3d2eF)4s4pepO) b 3F - z 3Do 4 - 3 5,6
1.1995492 Si I 1.19874814 3s23p4s - 3s23p4p 3po _ 3D 1 - 2 4,6

Si I 1.19948435 3s23p4s - 3s23p4p 3po _ 3D 0-1 4,6
1.2035899 Si I 1.20347962 3s23p4s - 3s23p4p 3po _ 3D 2 - 3 4,6
1.2086007 Mgl 1.2086579 3s3d - 3s4/ ID _ 3Fo 2 - 3 1

Mgl 1.2086967 3s3d - 3s4/ ID _ 3Fo 2 - 3 1
1.2111957 Si I 1.21068471 3s3d - 3s4/ ID _ 3Fo 1 - 1 4,6
1.2273618 Si I 1.22740495 3s3d - 3s4/ ID _ 3Fo 2 - 2 4,6
1.2436839 Kl 1.2435669 3p6eS)4p - 3p6eS)5s 2po _ 2S 1/2 - 1/2 1
1.2528860 Kl 1.2525559 3p6eS)4p - 3p6eS)5s 2po _ 2S 3/2 - 1/2 1



Table 3.10: (continued)

Observed Vacuum Species Laboratory Vacuum Configuration Terms Levels Ref.a

Wavelength (p,m) Wavelength (p,m)
(1) (2) (3) (4) (5) (6) (7)

1.2682125 NaI 1.268260 3d - 5f 2D _ 2Fo 5/2 - 5/2 1
NaI 1.268260 3d - 5f 2D _ 2Fo 5/2 - 7/2 1
NaI 1.268268 3d - 5f 2D _ 2Fo 3/2 - 5/2 1

1.2827300 HI 1.28216676 3d - 5p 2D _ 2po 3/2 - 3/2 1
Ti I 1.2825179 3d3 (4F)4s - 3d2 (3F)4s4p(3pO) b 3F - z 3Fo 4-4 5,6
Ti I 1.2834947 3d3 (4F)4s - 3d2 (3F)4s4p(3pO) b 3F - z 3Fo 2 - 2 5,6

1.2851494 Til 1.2850544 3d3 (4F)4s - 3d2 (3F)4s4p(3pO) b 3F - z 3Fo 3-3 5,6
1.2883723 Fe I 1.2883292 a 3p - z 5Do 2 - 3 2
1.2904632 MnI 1.290329 3d6(5D)4s - 3d5(6S)4s4p(3pO) a 6D - z 6po ? 9/2 - 7/2
1.2982085 MnI 1.297946 3d6(5D)4s - 3d5(6S)4s4p(3pO) a 6D - z 6po ? 7/2 - 5/2
1.3130514 All 1.3127013 3S2(1S)4s - 3S2 (1S)4p 2S _ 2po 1/2 - 3/2 1

Ai I 1.3154352 3S2(1S)4s - 3s2 (1S)4p 2S _ 2po 1/2 - 1/2 1

00
~ 1.4878380 MgI 1.4881580 3s3d - 3s4f 3D _ 3Fo 3 - 4 1

1.4881669 3s3d - 3s4f 3D _ 3Fo 2 - 3 1
1.4881705 3s3d - 3s4f 3D _ 3Fo 3 - 3 1
1.4881776 3s3d - 3s4f 3D _ 3Fo 2 - 2 1
1.4881812 3s3d - 3s4f 3D _ 3Fo 3 - 2 1
1.4881848 3s3d - 3s4f 3D _ 3Fo 1 - 2 1
1.4882258 3s3d - 3s4f 3D _ 3Fo 2 - 3 1

1.5028185 MgI 1.5029085 3s4s - 3s4p 3S _ 3po 1 - 2 1
1.5046375 MgI 1.5044349 3s4s - 3s4p 3S _ 3po 1 - 1 1

MgI 1.5051819 3s4s - 3s4p 3S _ 3po 1 - 0 1
1.5167645 KI 1.516721 3p6eS)3d - 3p6eS)4f 2D _ 2Fo 5/2 - 5/2 1

KI 1.516721 3p6eS)3d - 3p6eS)4f 2D _ 2Fo 5/2 - 7/2 1
KI 1.517252 3p6eS)3d - 3p6eS)4f 2D _ 2Fo 3/2 - 5/2 1

1.5753070 MgI 1.5745011 3s4p - 3s4d 3po _ 3D 0-1 1
MgI 1.5753293 3s4p - 3s4d 3po _ 3D 1 - 2 1

1.5771145 MgI 1.5770164 3s4p - 3s4d 3po _ 3D 2 - 3 1
1.5894133 Si I 1.58887952 3s2 3p4p - 3s23p5s 3D _ 3po 1 - 1 4,6
1.6723852 Ai I 1.6723508 3s2 eS)4p - 3s2 eS)nd 2po _ 2D 1/2 - 3/2 1



Table 3.10: (continued)

Observed Vacuum Species Laboratory Vacuum Configuration Terms Levels Ref. a

Wavelength (/Lm) Wavelength (/Lm)
(1) (2) (3) (4) (5) (6) (7)

1.6755865 Al I 1.6755103 3s2(IS)4p - 3s2(IS)nd 2po _ 2D 1/2 - 5/2 1
Al I 1.6767906 3s2 (lS)4p - 3s2 (lS)nd 2po _ 2D 3/2 - 3/2 1

1.7110102 MgI 1.7113337 3s4s - 3s4p lS _ 1po 0-1 1

1.9314969 Cal 1.931449 4s4p - 3d4s 3po _ 3D 0-1 6
1.9458160 Cal 1.945829 4s4p - 3d4s 3po _ 3D 1 - 2 6
1.9509361 Cal 1.951106 4s4p - 3d4s 3po _ 3D 1 - 1 6
1.9781980 Cal 1.978217 4s4p - 3d4s 3po _ 3D 2 - 3 6
1.9817054 Ca I 1.982043 4s4d - 4s4/ 1D _ 1Fo 2 - 3 6
1.9865941 Ca I 1.985851 4s5s - 4s5p 3S _ 3po 1 - 2 6

Ca I 1.986761 4s4p - 3d4s 3po _ 3D 2 - 2 6
1.9930196 Ca I 1.992263 4s4p - 3d4s 3po _ 3D 2 - 1 6

00 Cal 1.993917 4s5s - 4s5p 3S _ 3po 1 - 1 6..... 1.9968176 Cal 1.996728 4s5s - 4s5p 3S _ 3po 1 - 0 6
2.1066365 MgI 2.106550 3s4/ - 3s7g 1Fo _ 1G 3 - 4 6

MgI 2.106690 3s4/ - 3s7g 1Fo _ 1G 4-4 6
2.1098654 Al I 2.109883 3S2 (lS)4p - 3s2(lS)5s 2po _ 2S 1/2 - 1/2 1
2.1168456 Al I 2.116954 3S2 (lS)4p - 3S2(lS)5s 2po _ 2S 3/2 - 1/2 1

Si I 2.1360055 3s23p4p - 3s23p5s 1D _ 1po 2 - 1 4,6
2.1789074 Si I 2.1785606 3Do _ 3F 1 - 2 4

Ti I 2.17886 3d3(4p)4s - 3d2(3F)4s4p(3po) a 5p - z 5Do 3-4 5,6
2.2062996 Nal 2.206246 4s - 4p 2S _ 2po 1/2 - 3/2 1
2.2089866 Na I 2.208970 4s - 4p 2S _ 2po 1/2 - 1/2 1
2.2215927 Ti I 2.22167 3d3(4p)4s - 3d2eF)4s4pepO) a 5p - z 5Do 1 - 1 5,6
2.2237389 Ti I 2.22390 3d3(4p)4s - 3d2eF)4s4pepO) a 5p _ z 5Do 2 - 2 5,6
2.2275054 Fe I 2.2266255 x 5Fo - e 5D 2 - 1 2

Fe I 2.2263181 x 5Fo - e 5D 3 - 2 2
Til 2.22801 3d3(4p)4s - 3d2eF)4s4pepO) a 5p - z 5Do 3 - 3 5,6

2.2317958 Til 2.23160 3d3 (4p)4s - 3d2eF)4s4pepO) a 5p - z 5Do 1 - 0 5,6
2.2390381 Fe I 2.2386905 x 5Fo - e 5D 4-3 2
2.2626701 Cal 2.261411 4s4d - 4d4/ 3D _ 3Fo 1 - 2 6



Table 3.10: (continued)

Observed Vacuum Species Laboratory Vacuum Configuration Terms Levels Ref a

Wavelength ({.tm) Wavelength ({.tm)
(1) (2) (3) (4) (5) (6) (7)

Cal 2.263114 4s4d - 4d4f 3D _ 3Fo 2 - 3 6
Ca I 2.263290 4s4d - 4d4f 3D _ 3Fo 2 - 2 6

2.2656055 Ca I 2.265736 4s4d - 4d4f 3D _ 3Fo 3-4 6
Cal 2.265976 4s4d - 4d4f 3D _ 3Fo 3-3 6
Cal 2.266153 4s4d - 4d4f 3D _ 3Fo 3 - 2 6

2.2819887 MgI 2.281401 3s4d - 3s6f 3D _ 3Fo 3-4 1
MgI 2.281421 3s4d - 3s6f 3D _ 3Fo 2 - 3 1
MgI 2.281427 3s4d - 3s6f 3D _ lFo 3-3 1
MgI 2.281442 3s4d - 3s6f 3D _ 3Fo 1 - 2 1
MgI 2.281447 3s4d - 3s6f 3D _ lFo 2 - 3 1

2.3354050 NaI 2.335478 4p - 4d 2po _ 2D 1/2 - 3/2 1
2.3383542 NaI 2.33853 4p - 4d 2po _ 2D 3/2 - 3/2 1

00 NaI 2.338551 4p - 4d 2po _ 2D 3/2 - 5/2 1
01

a References: (l)National Institute for Standards and Technology http://physics.nist.gov/lab.html; (2) Nave et al. (1994); (3)Risberg

(1968); (4) Lambert & Warner (1968); (5) Forsberg (1991); (6) Atomic Line List, http://www.pa.uky.edu/ peter/atomic/
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Molecular Features

TiO. - As discussed in §1.2, absorption bands of TiO in the red-optical are a defining

characteristic of the M spectral class. These bands arise from transitions between multiple

electronic states and include the ,(A 34> - X 3~), ,'(B 3II - X 3~), <5(b III - a l~)

and f(E 3II - X 3Ll) systems. The ¢(b III - d II;) system's band origin is located at

",1.104 !Lm (Galehouse et al. 1980) and has been detected in the spectra of giant stars

(Joyce et al. 1998) but never, to our knowledge, in the spectra of dwarf stars. Synthetic

spectra computed from the model atmospheres of Allard et al. (2000) predict a strong ¢

system bandhead at 1.104 !Lm in the spectra of dwarfs but there is some question as to the

accuracy of the electronic oscillator strength value of the ¢ system (Allard et al. 2000).

To determine to what extent the ¢ system of TiO is present in the spectra of dwarf stars,

if at all, we obtained the high-resolution FTS (Fourier Transform Spectrometer) emission

spectrum (770629RO.005) used in the analysis of this system by Galehouse et al. (1980)

using the National Solar Observatory Digital Library Query Tool2 . The spectrum, which

originally had a resolving power of R = 800, 000, was smoothed to R = 2000 and then

resampled onto the wavelength grid of vB 10 (M8.0 V). The top panel of Figure 3.18 shows

the spectrum of vB 10 while the bottom panel shows the FTS emission spectrum of TiO.

The emission feature at ",1.103 !Lm in the TiO spectrum is the 0-0 bandhead.

As is apparent from Figure 3.18, the 0-0 bandhead at ",1.103 !Lm does not appear in

the spectrum of vB 10. There are two absorption features in the vB 10 spectrum at 1.104

and 1.106 !Lm that correspond to emission features in the TiO spectrum, but it is difficult

to assign these to TiO when the strong bandhead is absent. Therefore, we conclude that the

0-0 band of the ¢ system of TiO is not present in medium-resolution spectra of late-type

dwarfs.

VO. - Absorption bands of vanadium monoxide have been known to exist in the spectra

of M stars since Keenan & Schroeder (1952) and Lagerqvist & Selin (1957) identified VO

as the carrier of the unidentified absorption bands discovered by Nassau et al. (1949) and

2http://diglib.nso.edu/nso_user.html
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Kuiper et al. (1947) in the spectra of M giant stars. These bands arise from two systems, B

4rr - X 4~- and A 4rr - X 4~-, that are centered at "'0.75 /km and 1.05 /km. In particular,

the A 4rr - X 4~- system produces three bands, the 1-0 at ",0.95 /km, the 0-0 at '"1.05

/km, and the 0-1 at 1.18 /km. The 0-0 and 0-1 bands and their associated bandheads

have been detected in the spectra of M giants (e.g., Joyce et al. 1998) while the 1-0 band

is difficult to detect because of contamination by telluric H20 absorption.

Kirkpatrick et al. (1993) identify the 0-0 band in the spectrum of vB 8 (M8 V) but

the identification is most likely based on the coincidence of an absorption feature in the

spectrum and the existence of a va band at a similar wavelength. Kirkpatrick et al. (1999)

also identify the 0-0 band in the spectrum of GD 165 B (L4 V) but the spectrum they

present is missing the wavelengths centered on the va band which casts doubt on the

identification. Therefore the A 4rr - X 4~- system of va has never been conclusively

detected in the spectrum of an M dwarf star.

In the process of identifying the spectral features in the dwarf spectra, we noticed a

broad absorption trough in the spectra of late M dwarfs centered at '"1.06 /km along with

an apparent bandhead at 1.046 /km. To test whether this broad absorption features is due to

the 0-0 band of the A 4rr-x 4~- system, we have compared a spectrum of vB 10 (M8.0 V)

in this wavelength range to a high-resolution FTS emission spectrum of va kindly provided

S. Davis (2002, private communication). The FTS spectrum was smoothed to R = 2000

and then resampled onto the wavelength grid of vB 10. Figure 3.19 shows the spectrum

of vB 10 in the top panel and the FTS emission spectrum of va in the lower panel. It

is apparent that the broad feature in the vB 10 spectra centered at 1.06 /km is caused by

the 0-0 band of va. However, almost all of the high frequency features seen in the vB 10

spectrum have been ascribed to FeH (see §4). It may be that the FeH features are a blend

of both FeH and va.

FeH. - Absorption bands due to FeH are prominent throughout the infrared spectra

of M and L dwarfs. The most prominent band is the Wing-Ford band centered at ",1.04

/km. This band, which arises from the 0-0 transition of the F 4Ll - X 4Ll system, has a

99



,.....
E
J 1.2
o

'-' 1. 1
-<

LL.

............ 1.0
-<

LL.
0.9 F-----"--~~.-+-+___.__.,_.__;r"k_-+...\I.--+-~~~-+-+----__i_---........::j

,.....
E 2.0
::t

LO
o 1.5

'-'

.: 1.0
............

.: 0.5

1.04 1.05 1.06 1.07
Wavelength (JLm)

1.08 1.09

Figure 3.19 The top panel is the spectrum of vB 10 (M8 V) while the bottom panel is the
emission spectrum of VO.

bandhead at 0.99 /-Lm. This system also produces additional bandheads at 1.19 /-Lm (0-1),

and 1.24 /-Lm (1-2). We have identified 65 additional weak absorption features that belong

to these three systems (Cushing et al. 2003a, see also Chapter 4). Wallace & Hinkle (2001)

has also identified a new system of FeH in the H-band. This system, tentatively identified

as the E 4rr - A 4rr system, produces three bandheads. We have identified 34 additional

weak absorption features that belong to this system (Cushing et al. 2003a, see also Chapter

4).

CrH. - The appearance of the CrH bandhead at 0.8611 /-Lm in the spectra of late-type

dwarfs, which arises from the 0-0 band of the A 6r;+ - X 6r;+ system, is one of the

defining characteristics of the L spectral class (Kirkpatrick et al. 1999; Martin et al. 1999b).

Although the 0-1 bandhead of the same system at "-'0.9969 /-Lm is also often identified in

the spectra of late-type dwarfs, we have shown (Cushing et al. 2003a, see also Chapter 4)

that many of the absorption features near this wavelength can be attributed to the 0-0

band of the F 4~ - X 4~ system of FeH, at least at a resolving power of R ~ 2000. As
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a result, the extent to which the 0-1 band is present in the spectra of late-type dwarfs

remains uncertain until higher resolution spectra can be obtained.

Recently Burrows et al. (2002) have computed new line lists and opacities for 12 bands

of the A 6I;+ - X 6I;+ system of CrR. Additional, although intrinsically weaker, bandheads

of this system appear in the near-infrared at rv1.18 and rv1.4 /.lm. The 1.4 /.lm band will be

difficult to identify because it falls within the strong water absorption band, both telluric

and intrinsic to the dwarfs, centered at the same wavelength. In order to determine to

what extent the 1.18 /.lm band is present in the spectra of L dwarfs, we have compared the

CrR cross-section spectrum of Burrows et al. (2002) to the J-band spectrum of 2MASS

1507-1627 (L5 V). We chose an L5 dwarf to maximize our chances of identifying any CrR

features since the strength of the 0-0 band at 0.8611 /.lm peaks at a spectral type of L5
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(Kirkpatrick et al. 1999). Figure 3.20 shows the CrH cross-section spectrum in the upper

panel and the spectrum of 2MASS1507-1627 in the lower panel. As can be seen, there are

no obvious CrH absorption features in the spectrum of 2MASS 1507-1627.

Burgasser et al. (2003a) have pointed out that the weakness of the CrH band at 0.9969

J.tm in L dwarf spectra is probably due to the low CrH/FeH equilibrium abundance ratio of

~1O-3 for 1800 :s: Tefj :s: 2500 K (Lodders 1999) since the the cross-section of FeH and CrH

are similar at 0.99 J.tm. A similar effect may occur in the J band where the cross-sections

of CrH and FeH are also similar (Dulick et al. 2003).

CH4. - The appearance of overtone and combination bands of CH4 in the near-infrared

spectra of late-type dwarfs is the defining characteristic of the T spectral class (Burgasser

et al. 2002a). For the most part, published spectra of T dwarfs have low spectral resolution

so the absorption bands appear relatively smooth. At a resolving power of R rv 1200, it

should be possible to identify individual CH4 absorption features in the near-infrared spectra

of T dwarfs. To this end, we have compared a FTS emission spectrum of CH4 (Nassar &

Bernath 2003) to the spectrum of SDSS 1254-0122 (T2 V) and 2MASS 0559-1404 (T5 V) to

search for any common features. The CH4 spectrum, which was measured at a temperature

of 1000 K, covers from 1.56 to 5.0 J.tm at a resolving power of R rv 160,000. We smoothed

the spectrum to R = 1200 and resampled it onto the wavelength grid of 2MASS 0559-1404.

Figure 3.21 shows the spectra of CH4 and the two T dwarfs centered on the 2V3 band

in the lower and upper panels, respectively. Nineteen features common to the spectra are

shown as dotted lines and are listed in Table 3.11. The spectra of the T dwarfs exhibit a

series of equidistant absorption features from 1.615 to 1.65 J.tm. Oddly, the same series of

emission features in the CH4 spectrum appears truncated at 1.635 J.tm. In addition, the

strong absorption feature in the T dwarf spectra at 1.665 J.tm is missing in the CH4 emission.

The lack of emission of features at these wavelengths is most likely caused by self-absorption

due to room temperature CH4 in the apparatus (Nassar & Bernath 2003).

Figure 3.22 shows the spectra of CH4 and the two T dwarfs centered at ). = 2.24J.tm

in the lower and upper panels, respectively. Fourteen features common to the spectra are
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Table 3.11: Features Common to CH4 and Dwarf Spectra

Vacuum
Wavelength

(J-lm)
1.6149080
1.6173155
1.6193378
1.6215579
1.6237635
1.6261759
1.6283867
1.6308079
1.6332215
1.6356431
1.6382678

Vacuum
Wavelength

(J-lm)
1.6575994
1.6622256
1.6940340
1.6976493
1.7006882
1.7042962
1.7075190
1.7117420
2.1835378
2.1897016
2.2020642

Vacuum
Wavelength

(J-lm)
2.2057979
2.2184152
2.2278145
2.2415063
2.2460803
2.2517165
2.2557367
2.2605653
2.2648622
2.2688943
2.2729064

shown as dotted lines and are listed in Table 3.11. In addition to the CH4 features, the

12CO (2-0) bandhead is present in the spectrum of SDSS 1254-0122 (Leggett et al. 2000b).

There is an absorption feature at the same wavelength as the bandhead in the spectrum of

2MASS 0559-1404 that does not appear in the CH4 spectrum. If this absorption feature

is carried by CO, then it may indicate the CO abundance is higher than expected for gas

in thermochemical equilibrium at the temperature of a T5 dwarf. This was the conclusion

reached by Noll et al. (1997) who detected the fundamental band of CO at 4.7 J-lm in

the spectrum of GI 299B (T6.5). However, we cannot rule out self-absorption in the lab

CH4 spectrum as the cause of the lack of an emission feature at this wavelength. Only

higher resolution, higher signal-to-noise ratio spectra of late-type T dwarfs will determine

the extent to which the 12CO 2-0 bandhead is present.

Although the appearance of the CH4 overtone and combination bands in the near-

infrared define the T spectral class, the Q-branch of the l/3 fundamental band of CH4 at

3.33 J-lm was detected in the spectra of two late-type L dwarfs, 2MASS 1507-1627 (L5 V)

and 2MASS 0825+2115 (L7.5), by Noll et al. (2000). Although the detection is secure, the

spectra were of fairly low quality due to their low signal-to-noise ratio. Figure 3.23 shows
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Figure 3.23 The lower panel shows the CH4 spectrum, and the upper panel shows the spectra
of 2MASS 0825+2115 (L7.5) and SDSS 1254-0122 (T2). Note the CH4 spectrum has been
plotted on a logarithmic scale.

the spectrum of CH4 in the lower panel and the spectra of 2MASS 0825+2115 and SDSS

1254-0122 (T2 V) in the upper panels, respectively. The dwarf spectra (R ~ 300) were

obtained using the IRCS on Subaru (see §2.3.2) and have a higher signal-to-noise ratio than

the Noll et al. (2000) spectra. The Q-branch is clearly seen in both dwarf spectra while the

broad P and R branches can be seen in the spectrum of SDSS 1254-0122.

Atomic Features

In order to identify the atomic features in the spectra of the M and L dwarfs, we used the

high-resolution (R=100,000) 0.9 - 5.3 J-Lm spectral atlas of Arcturus by Hinkle et al. (1995).

Arcturus' spectral type is K1.5 III so it is cool enough that most of the atomic features

present in its spectrum will also be present in the spectra of the M and L dwarfs. We

obtained a 0.8 to 5.1 J-Lm spectrum of Arcturus with SpeX using the 0'!3-wide slit in both
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the SXD (R~2000) and LXD2.1 (R~2500) modes. The data were reduced as described in

§2.3. We identified absorption features present in both the SpeX Arcturus spectrum and

GI 229A (Ml.O V), and then searched the Arcturus atlas for absorption features located

at the same wavelength. THe identified atomic absorption features are listed in Table 3.10

and show in Figures 3.8 - 3.15. The species identified include Ti, AI, Si, Ca, Fe, Mg, K, and

Na.

As discussed in §1.2, the appearance of the resonance lines of Cs I at 8521 Aand 8943 A

and Rb I at 7800 A and 7948 A in moderate-resolution spectra is a defining characteristic

of the L spectral class (These lines have been detected in high-resolution, ~>. = 0.4 A,

spectra of late M dwarfs by Tinney & Reid (1998), albeit with equivalent widths of only

"'0.5 A). The detection of additional strong Cs and Rb absorption lines in the near-infrared

would aid in discriminating M dwarfs from L dwarfs. In fact, McLean et al. (2000) claim a

detection of a weak Rb line at 1.3234 /Lm in the spectra of L dwarfs as well as the Cs I line

at 1.359 /Lm in the spectrum of 2MASS 1507-1627 (L5.0 V). We see no evidence of these

lines or other lines of Rb and Cs in our spectra as can be seen in Figure 3.24. There is an

absorption feature at 1.3234 /Lm coincident with the position of a Rb line but this feature

can be seen in the vBlO (M8.0 V) and therefore is most likely due to H20.

3.4.2 Spectral Morphology

Having identified both atomic and molecular absorption features in the spectra of the M, L,

and T dwarfs, we now give a detailed description of the spectral morphology of the spectra

in the Z-, J-, H-, K-, and L-bands.

z-Band

The z-band spectra of the early M dwarfs contain mainly atomic absorption features of

Ti, Fe, Ca, Si, and Mg. Most prominent is a series of 12 Ti features centered at 0.97 /Lm

arising from the a 5F - z 5Fo multiplet. These features are clearly discernable down to a

spectral type of M9 and seem to disappear at ",L1. The band head of the Wing-Ford band
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of FeH (0-0 band of the F 4~ - X 4~ system) at 0.9969 J-Lm, along with the FeH Q-branch

feature at 1.006 J-Lm, already appear quite strong at a spectral type of M1. Moving to later

spectral types, the Wing-Ford band quickly replaces the atomic features as the dominant

carrier of absorption features in this wavelength range. We have identified 32 FeH features

in this wavelength range (Cushing et al. 2003a, see also Chapter 4). These features, along

with the 0-0 bandhead and Q-branch feature, have weakened considerably by a spectral

type of rvL7. The 0-0 band of the A 4rr - X 4~- system of VO centered at rv1.07 J-Lm

also appears at a spectral type of rvM5, peaks in strength at M9, and then disappears by

L5 (see also §2.4.4). Finally the overall spectral shape becomes progressively redder with

spectral type.

J-Band

The J-band contains the most prominent atomic features in the spectra of M and L dwarfs:

the Na doublet at 1.14 J-Lm, and the two K doublets at 1.175 and 1.25 J-Lm. Early M dwarf

spectra also exhibit absorption features due to Fe, Mg, Ti, Si, H, and Mn but most of these

features weaken in the mid- to late-type M dwarfs. Interestingly, the Fe feature at 1.189189

J-Lm persists to a spectral type of rvL5. The 0-1 bandhead of FeH (F 4~ - X 4~ system)

at 1.1939 J-Lm and the associated Q-branch feature at 1.22210 J-Lm, along with the 1-2

bandhead at 1.2389 J-Lm, first appear at a spectral type of M3 and strengthen through the

M sequence. Beginning at a spectral type of rvM5, 33 additional FeH absorption features

can also be seen from 1.2-1.3 J-Lm (Cushing et al. 2003a, see also Chapter 4).

At a spectral type of rvLl, the only remaining atomic features are the Na, and K lines

and possibly a few weak Fe features at rv1.155 J-Lm. The Na feature at 1.14 J-Lm and the

FeH features are not apparent at a spectral type of rvL7 but the K lines persist through

the T sequence. As with the z-band, the overall spectral shape of the J-band becomes

progressively redder with spectral type. Finally, CH4 bands from 1.15-1.25 J-Lm and CH4

and H20 bands longward of 1.28 J-Lm cause the J-band spectra of the T dwarfs to become

peaked at rv1.27 J-Lm.
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H-Band

The H-band is the most difficult wavelength range in which to identify features in the

spectra of early M dwarfs because it contains many relatively weak absorption features.

Only a few doublets and triplets of Mg, Si, AI, and K are clearly evident. Meyer et al.

(1998) identify eight second overtone (ilv = 3) bandheads of 12CO in R = 3000 spectra

of K and M dwarfs as well as absorption features due to OH-. However, the only CO

bandhead that we can unambiguously identify is the (6-3) bandhead at 1.6189 /-Lm. H20

bands on either side of the H-band also begin to appear at a spectral type of ,,-,M4 and

strengthen through the M, Land T sequence.

A new band of FeH tentatively identified as the E 4rr - A 4rr system by Wallace &

Hinkle (2001) appears at ,,-,M5 V and quickly becomes to dominate carrier of absorption

features from 1.59 to 1.75 /-Lm Cushing et al. (2003a, see also Chapter 4). At the same time,

the atomic absorption features of Mg, Si, and Al weaken and disappear, except for the K

line at 1.516 /-Lm which persists to ,,-,L5. Finally, the appearance of the 2V3 and 2V2 + V3

bands of CH4 at "-'1.67 /-Lm signals the transitions to the T spectral class although weak

CH4 absorption features are also found in the spectra of late L dwarfs (McLean et al. 2003,

see also §2.5.2). Both bands strengthen through the T sequence (McLean et al. 2003).

K-Band

The K-band spectra of early M dwarfs also exhibit atomic features of Ca, Mg, AI, Si,

Na, Ti, and Fe. The most prominent features are the series of Ca lines at 1.95 /-Lm, the

Na doublets at 2.21 and 2.34 /-Lm, and the Ca doublet at 2.26 /-Lm. These features all

weaken with increasing spectral type; the 2.26 /-Lm Ca doublet disappears at "-'M7, while

the 1.95 /-Lm Ca lines, as well as the Na lines, disappear at ,,-,LO. Also prominent are the

series of first overtone band heads (ilv = +2) of 12CO beginning at 2.29 /-Lm and extending

redward. Beginning with the 6-4 bandhead at 2.41414 /-Lm and moving to lower transitions,

the bandheads disappear through the M and L dwarfs until only the 2-0 is present at a

spectral type of T2 V. H20 absorption bands also appear on either side of the K-band at a
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spectral type of"" M4 and strengthen through the M, L, and T sequence. CH4 absorption

at 2.2 j),m first appears at a spectral type of ""L8 and continues to strengthen through the

T sequence suppressing the K-band flux.

L-Band

The L-band spectra of M and L dwarfs are dominated by molecular absorption features

due mainly to H20. However, there are absorption features due to the i:lv = +1 bands

of OH. The upper series of OH features in Figure 3.16 are from the 1-0 band while the

lower series of features is from from the 2-1 band (Wallace & Hinkle 2002). Like the z and

J bands, the overall slope of the spectra becomes progressively redder with spectral type

until the spectra are nearly flat at a spectral type of L1. At a spectral type of ""L5, the

V3 fundamental band of CH4 appears in the spectra (Noll et al. 2000). At first, only the

Q-branch is present in the spectra but the P and R-branches are apparent at T2, and the

band becomes saturated by a spectral type of T5.

3.4.3 Equivalent Widths of Atomic Features

We computed the pseudo-equivalent widths (pEWs) of the strongest atomic features in the

spectra of the dwarfs. Since the spectra are discretely sampled, the pEW and the variance

of the pEW, (J~EW' are given by,

(3.3)

where f(Ad and fc(Ai) are the observed and estimated continuum fluxes, (J(Ai) and (Jc(Ai)

are the errors in the observed and estimated continuum fluxes, n is the number of channels

across the feature, and i:lAi is the width of channel i. We estimate fc(Ai), (J(Ai), and (Jc(Ai)

following the procedure of Sembach & Savage (1992). To estimate fc(Ai), we fit a low-order

(deg=l) unweighted least-squares polynomial to the pseudo-continuum flux values on either
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side of the feature in question. Assuming the fit to be good, we a posteriori determine a(Ad

by setting it equal to the standard deviation, a, of the pseudo-continuum flux values around

!c(Ai). The errors in the estimated continuum fluxes ac(Ai) are computed by multiplying

the covariance matrix produced by the least-squares fit (which assumed a(Ai) to be 1) by

a and then using the standard error propagation formula, including covariance terms.

The strongest atomic features in the spectra oflate-type dwarfs are the two K I doublets

located at ",1.175 11m and ",1.245 11m. Their pEWs are tabulated in Table 3.12 and are

shown as a function of spectral type in Figure 3.25. The pEWs of all four lines show a

similar behavior as a function of spectral type. They are roughly constant until a spectral

type of ",M4 at which point they increase markedly and reach a maximum at a spectral

type of ",L3. The pEWs then decrease through the late L dwarfs but unexpectedly increase

in the early T dwarfs before finally weakening at spectral type later than ",T5 (McLean

et al. 2003). The strengthening of the K I lines in the early T dwarfs was originally noted

by Burgasser et al. (2002a) who ascribed the behavior to the competing effects of decreasing

effective temperature and loss of cloud opacity. The pEWs of the K I features decrease with

effective temperature through the late L dwarfs but as the condensate clouds settle below

the photosphere in the late L and early T dwarfs, the J-band becomes more transparent

and the K column abundance temporarily increases resulting in stronger K I lines at these

spectral types (see §1.3.4).

We have also computed the pEWs of a number of weaker features including the Na

doublet at 2.207 11m, and a number of refractory element features including AI, Mg, Fe,

and Ca. All of the features, except for the Mg line at 1.183 11m, are a blend of a number

of lines. Their pEWs are tabulated in Table 3.13 and are shown as a function of spectral

type in Figure 3.26. None of the features shows a monotonic variation with spectral type,

but overall they all appear to weaken with spectral type. Except for the Fe feature at 1.189

11m, all of the metal features disappear by a spectral type of L1 or L2.
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Table 3.12: K I Pseudo-Equivalent Widths

Object Spectral Type pEW (A)
1.169/-lm 1.177 /-lm 1.244/-lm 1.253/-lm

(1) (2) (3) (4) (5) (6)
G1229A M1.0V 0.5 ± 0.0 0.9 ± 0.0 0.4 ± 0.0 0.5 ± 0.0
G1205 M1.5V 0.6 ± 0.0 1.3 ± 0.0 0.6 ± 0.0 0.6 ± 0.0
G1411 M2.0V 0.5 ± 0.0 0.7 ± 0.0 0.3 ± 0.0 0.5 ± 0.0
GJ 381 M2.5V 0.6 ± 0.0 0.9 ± 0.0 0.5 ± 0.1 0.6 ± 0.0
G1388 M3.0V 0.9 ± 0.0 1.4 ± 0.0 0.6 ± 0.0 0.8 ± 0.0
G1273 M3.5 V 0.6 ± 0.0 1.2 ± 0.0 0.6 ± 0.1 0.6 ± 0.0
G1213 M4.0V 0.7 ± 0.0 1.5 ± 0.0 0.7 ± 0.0 0.8 ± 0.0
G151 M5.0V 1.6 ± 0.1 2.9 ± 0.0 1.4 ± 0.1 1.7 ± 0.0
G1406 M6.0V 3.0 ± 0.1 4.8 ± 0.1 2.5 ± 0.1 3.0 ± 0.1
GJ 1111 M6.5V 3.4 ± 0.1 5.6 ± 0.1 2.9 ± 0.1 3.5 ± 0.1
VB 8 M7.0V 4.3 ± 0.2 6.8 ± 0.1 3.5 ± 0.2 4.3 ± 0.1
VB 10 M8.0V 5.1 ± 0.2 7.2 ± 0.2 3.8 ± 0.2 4.9 ± 0.2
LP 412-31 M8.0V 5.4 ± 0.2 8.1 ± 0.2 4.1 ± 0.2 5.2 ± 0.2
LP 944-20 M9.0V 5.7 ± 0.3 8.2 ± 0.3 4.4 ± 0.3 5.4 ± 0.3
LHS 2924 M9.0V 6.0 ± 0.3 8.9 ± 0.3 4.6 ± 0.3 5.5 ± 0.3
DENIS 1048-3956 M9.0V 6.3 ± 0.3 9.0 ± 0.3 4.6 ± 0.3 6.1 ± 0.3
BRI 0021-0214 M9.5V 6.5 ± 0.3 9.1 ± 0.3 5.0 ± 0.4 6.7 ± 0.4
2MASS 0746+2000AB LO.5 V 6.8 ± 0.3 10.2 ± 0.3 5.1 ± 0.4 6.6 ± 0.4
2MASS 1439+1929 L1.0 V 7.5 ± 0.4 10.8 ± 0.3 5.3 ± 0.4 7.5 ± 0.4
2MASS 0208+2542 L1.0 V 6.7 ± 0.4 10.6 ± 0.5 4.4 ± 0.6 6.4 ± 0.5
Kelu-1 L2.0V 6.6 ± 0.3 9.2 ± 0.3 5.0 ± 0.5 6.5 ± 0.4
2MASS 1146+2230AB L3.0V 7.0 ± 0.2 10.5 ± 0.3 5.3 ± 0.3 7.4 ± 0.3
2MASS 1506+1321 L3.0V 7.8 ± 0.5 11.4 ± 0.5 5.8 ± 0.5 8.2 ± 0.5
2MASS 0036+1821 L3.5 V 8.3 ± 0.5 12.7 ± 0.5 6.0 ± 0.5 8.1 ± 0.5
2MASSS 2224-0158 L4.5 V 7.5 ± 0.6 11.3 ± 0.4 5.1 ± 0.4 6.7 ± 0.4
2MASS 1507-1627 L5.0V 7.6 ± 0.4 11.5 ± 0.4 4.8 ± 0.4 7.4 ± 0.5
SDSS 0539-0559 L5.0V 7.9 ± 0.1 11.6 ± 0.2 4.6 ± 0.2 8.4 ± 0.4
2MASS 1515+4847 L6.0V 6.8 ± 0.4 10.8 ± 0.4 4.0 ± 0.2 6.0 ± 0.3
2MASS 0825+2115 L7.5 V 4.3 ± 0.2 5.5 ± 0.2 2.9 ± 0.1 4.3 ± 0.2
DENIS 0255-4700 L8.0V 5.0 ± 0.6 7.9 ± 0.5 2.4 ± 0.2 3.9 ± 0.3
SDSS 1254-0122 T2.0V 5.2 ± 0.5 9.6 ± 0.4 4.6 ± 0.2 7.0 ± 0.3
2MASS 0559-1404 T5.0V 7.9 ± 0.6 12.9 ± 0.6 3.5 ± 0.2 9.2 ± 0.4
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Figure 3.25 The pEW of the K I lines as a function of spectral type.
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Table 3.13: Ti, AI, Mg, Fe, Na, Ca Pseudo-Equivalent Widths

Object Spectral Type pEW (A)
Al I MgI Fe I Al I NaI Ca I

1.125 p,ill 1.183 p,ill 1.189 p,ill 1.132 p,ill 2.207 p,ill 2.264 p,ill
(1) (2) (3) (4) (5) (6) (7) (8)

G1229A M1.0V 0.7 ± 0.0 1.2 ± 0.0 1.0 ± 0.0 2.9 ± 0.1 5.2 ± 0.0 4.7 ± 0.1
Gl205 M1.5 V 0.5 ± 0.1 1.5 ± 0.0 1.2 ± 0.0 3.5 ± 0.1 7.6 ± 0.1 5.9 ± 0.1
G1411 M2.0V 0.6 ± 0.1 0.9 ± 0.0 0.6 ± 0.0 2.4 ± 0.1 3.1 ± 0.1 2.7 ± 0.1
GJ 381 M2.5 V 0.6 ± 0.1 0.9 ± 0.0 0.8 ± 0.0 2.5 ± 0.1 4.5 ± 0.1 3.7 ± 0.1
Gl388 M3.0V 0.4 ± 0.1 0.9 ± 0.0 1.2 ± 0.0 2.6 ± 0.1 5.8 ± 0.2 5.0 ± 0.1
Gl273 M3.5V 0.5 ± 0.0 0.7 ± 0.1 0.8 ± 0.0 2.5 ± 0.1 4.4 ± 0.1 3.2 ± 0.1
G1213 M4.0V 0.5 ± 0.1 0.7 ± 0.0 0.9 ± 0.0 2.5 ± 0.1 3.8 ± 0.1 2.5 ± 0.1
Gl51 M5.0V 0.2 ± 0.1 0.6 ± 0.1 1.3 ± 0.1 2.6 ± 0.1 7.1 ± 0.2 3.6 ± 0.2
Gl406 M6.0V ... 0.5 ± 0.1 1.1 ± 0.1 2.3 ± 0.2 7.7 ± 0.2 2.0 ± 0.2
GJ 1111 M6.5 V ... 0.5 ± 0.1 1.2 ± 0.1 2.4 ± 0.2 5.6 ± 0.3 1.2 ± 0.2
VB 8 M7.0V ... 0.4 ± 0.1 1.1 ± 0.1 2.5 ± 0.2 4.9 ± 0.3 0.7 ± 0.2

...... LP 412-31 M8.0V . .. . .. 1.5 ± 0.2 2.5 ± 0.3 7.6 ± 0.3......
>I'>- VB 10 M8.0V ... 0.6 ± 0.1 0.9 ± 0.2 2.0 ± 0.3 5.7 ± 0.3

LP 944-20 M9.0V ... . .. 0.9 ± 0.2 1.1 ± 0.4 2.8 ± 0.3
LHS 2924 M9.0V ... . .. 0.9 ± 0.3 1.6 ± 0.4 4.8 ± 0.4
DENIS 1048-3956 M9.0V .. . ... 1.1 ± 0.2 1.5 ± 0.4 2.6 ± 0.3
BRI0021-0214 M9.5 V .. . ... 0.7 ± 0.2 . .. 2.8 ± 0.4
2MASS 0746+2000AB LO.5 V ... . .. 1.1 ± 0.2 . .. 2.1 ± 0.3
2MASS 1439+1929 L1.0 V .. . ... 1.2 ± 0.3
2MASS 0208+2542 L1.0 V ... . .. 1.1 ± 0.4
Kelu-1 L2.0 V ... . .. 0.9 ± 0.3
2MASS 1146+2230AB L3.0 V ... . .. 1.0 ± 0.2
2MASS 1506+1321 L3.0 V ... . .. 1.0 ± 0.3
2MASS 0036+1821 L3.5 V ... . .. 1.2 ± 0.2
2MASSS 2224-0158 L4.5 V ... . .. 0.6 ± 0.3
2MASS 1507-1627 L5.0 V
SDSS 0539-0559 L5.0 V
2MASS 1515+4847 L6.0 V
2MASS 0825+2115 L7.5 V
DENIS 0255-4700 L8.0 V
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Table 3.13: Ti, AI, Mg, Fe, Na, Ca Pseudo-Equivalent Widths

Object Spectral Type pEW (A)
Al I MgI Fe I Al I Nal Cal

1.125/km 1.183 /km 1.189/km 1.132 /km 2.207/km 2.264 /km
(1) (2) (3) (4) (5) (6) (7) (8)

SDSS 1254-0122 T2.0V
2MASS 0559-1404 T5.0V



Table 3.14: McLean et al. Spectral Indices

Index Name
(1)

H20A
H20B
H20C
H20D
CO
z-FeH
J-FeH

Indexa

(2)
<1.341-1.345> / <1.311-1.315>
<1.454-1.458> / <1.568-1.572>
<1.786-1.790> / <1.720-1.724>
<1.962-1.966> / <2.073-2.077>
<2.298-2.302> / <2.283-2.287>
<0.990-0.994> / <0.984-0.988>
<1.198-1.202> / <1.183-1.187>

Featured Measured
(3)

1.35 fLm H20 band
1.40 fLm H20 band
1.70 fLm H20 band
2.00 fLm H20 band
2.29 fLm CO 2-0 bandhead
0.99 fLm FeH 0-0 bandhead
1.17 fLm FeH 0-1 bandhead

a Wavelengths are in microns and <> denotes the median value.

3.4.4 Spectral Indices

As can be seen in Figures 3.5 - 3.15, the overall infrared spectral morphology of the M,

L, and T dwarfs, as well as the strengths of many of the absorption features including

H20, FeH, and CO, exhibit a smooth variation with spectral type. To quantify these

variations, numerous spectral indices, ratios of fluxes in particular wavelength intervals

chosen to measure the spectral morphology or a specific absorption feature, have been

defined (e.g., Tokunaga & Kobayashi 1999; Burgasser et al. 2002a; Geballe et al. 2002; Testi

et al. 2001; Reid et al. 2001a; McLean et al. 2003).

We used the McLean et al. (2003) indices since they were devised using spectra with

a resolving power similar to that of our spectra. The H20A, H20B, H20C, and H20D

indices measure the strength of the 1.35 !tm, 1.4 !tm, 1.7 !tm and 2.0 !tm H20 water bands,

respectively, while the z-FeH, J-FeH, and CO indices measure the strengths of the Wing

Ford band (0-0) of FeH at 0.99 !tm, the 0-1 FeH bandhead at 1.17 !tm, and the 12CO

2-0 bandhead at 2.29 !tm, respectively. The indices are defined in Table 3.14. Figure 3.27

shows the values of each of the McLean et al. (2003) indices computed for the dwarfs in our

sample as a function of spectral type. A smaller index value implies stronger absorption.

The red lines are the index/spectral type relations given by McLean et al. (2003). Not

surprisingly, we find a good correlation between spectral type and the McLean et al. (2003)

spectral indices.
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We have defined two additional spectral indices that measure the depth of the 0-0 band

of the A 4rr - X 4~- system of VO at ",1.05 /-Lm and the slope of the pseudo-continuum

in the J-band. The VO band is rather broad and lacks a distinctive bandhead so a simple

ratio of the fluxes at two points in and out of the band will not suffice. Therefore we follow

Kirkpatrick et al. (1995) in defining an index which measures the ratio of the flux in the

band to the flux "expected" at the same wavelength based on a linear interpolation between

continuum points on either side of the band. The VO index is defined as,

vo = 0.4419h084 + 0.5581h041

h06
(3.4)

where 1>..0 is the median flux level in a 0.004 /-Lm window centered around A = Ao. The VO

index computed for the dwarfs is shown as a function of spectral type in the upper panel

of Figure 3.28. The 0-0 VO band appears at a spectral type of "'M6, peaks at ",LO, and

disappears by ",L5. The depths of the 1-0 and 0-0 bands of the B 4rr - X 4~- system also

peak at roughly this spectral type (Kirkpatrick et al. 1999) which lends further credence to

the idea that the broad feature at 1.06 /-Lm is produced by VO (see also §3.4.1).

The second spectral index measures the slope of the pseudo-continuum in the J-band

and is given by,

Jcont = h153

h302
(3.5)

where fI.153 and fI.302 are the median flux values in a 0.008 /-Lm window centered around

1.153 and 1.302 /-Lm, respectively. Since we only have spectra of two T dwarfs, we have

obtained the J-band spectra of nine additional T dwarfs from McLean et al. (2003). The

Jcont index computed from the spectra in this study as well as the McLean et al. (2003)

T dwarf spectra is shown as a function of spectral type in the lower panel of Figure 3.28.

A value greater than unity indicates a negative slope (blue color) while a value less than

unity indicates a positive slope (red color). The spectra become progressively redder at

later spectral types. There is a change in slope at the LIT transition because the two flux
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bands no longer measure the slope of the J-band psuedo-continuum but the depths of the

H20 and CH4 bands at 1.15 and 1.4 fLm. A second order least-squares fit to the M and L

dwarf indices (ignoring 2MASS 2224-0158, see §2.5.1) gives,

ST = 13.66 + 29.30 x Jcont - 33.36 x Jcont 2
, O"(ST) = ±0.6 (3.6)

where ST is the spectral type and following McLean et al. (2003), a spectral type of MO=O,

LO=lO, and TO=20. The RMS deviation of the fit, and thus the accuracy of a spectral type

derived using the Jcont , is ±0.6. This index can be used in conjunction with the McLean

et al. (2003) indices to spectral type M and L dwarfs. In addition, both of the Jcont index

flux bands are centered at wavelengths with little telluric absorption so this index can be

used to spectral type faint objects.

3.5 Individual Objects of Interest

3.5.1 2MASS 2224-0158

Spectral sequences are useful for identifying potentially interesting objects that exhibit

features inconsistent with the standard sequence. 2MASS 2244+0158, which was classified

as L4.5 V by Kirkpatrick et al. (2000) based on its red-optical spectrum, is one such object.

In Figure 3.29, we compare the 0.6-2.43 fLm spectrum of 2MASS 2224-0158 and 2MASS

1507-1627, a normal L5 dwarf. The two objects have the same spectral type within the

errors of their spectral classification (±0.5 subclass). We have scaled the 2MASS 1507-1627

spectrum by the square of the ratio of the distances of the two objects to adjust its flux

level to that which would be observed if it were at the distance of 2MASS 2224-0158. The

J- and H-band flux levels of 2MASS 2224-0158 are depressed relative to those of 2MASS

1507-1627 which results in a very red color J - K = 2.051. The 12CO 2-0 and 3-1

bandheads at ",2.3 fLm are also considerably deeper in the spectrum of 2MASS 2224-0158

than in the spectrum of 2MASS 1507-1627. In fact, 2MASS 2224-0158 has the strongest

12CO 2-0 bandhead in our entire sample, as can be seen in the lowest panel of Figure 3.27.
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of 2MASS 2224-0158 is considerably deeper than in the spectrum of 2MASS 1507-1627.
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Interstellar extinction is probably not the cause of the extremely red color since only 0.02

magnitudes of visual extinction are expected at the distance (rv 11 pc) of 2MASS 2224-0158.

A visual examination of the blue pass I plates also reveals no obvious extinction in the

field of 2MASS 2224-0158. Therefore the extreme red color of 2MASS 2224-0158 appears

intrinsic to the object and may result from an unusually thick cloud deck. Like blackbodies,

dwarfs become redder with an increasing column abundance of dust. The CO 11// = +2

bandheads at rv2.29 /Lm in the spectra of M giant stars are stronger than in the spectra of

M dwarfs of the same spectral type (Kleinmann & Hall 1986) and therefore the strong 12CO

bandheads seen in the spectrum of 2MASS 2224-0158 may be indicative of a low surface

gravity.

3.5.2 DENIS 0255-4700 and the LIT Transition

There has been much interest recently in objects with spectral types at the transition

between the Land T dwarfs (McLean et al. 2001; Nakajima et al. 2001; Schweitzer et al.

2002; Geballe et al. 2002; Burgasser et al. 2002a). This interest exists for two reasons.

First, it is important to determine the exact spectral morphological changes that signal

the transition to the T spectral class. Second, there are indications that the effective

temperature difference between the latests L dwarfs and mid-T dwarfs may be as little as

200 K (Kirkpatrick et al. 2000; Burgasser et al. 2002a). Burgasser et al. (2002a) suggest

the effect is due to the loss of dust opacity as the dust clouds settle below the photosphere

which then alters the emergent spectrum significantly over a narrow Tef! range. If true,

there would be a paucity of these objects relative to earlier and later spectra types Burgasser

et al. (2002b).

DENIS 0255-4700 was classified as bdL6 by Martin et al. (1999b) and reclassified

by eye as rvL8 V by Kirkpatrick et al. (2000). Figure 3.30 shows the H-band spectra

of DENIS 0255-4700 and SDSS 1254-0122 (T2 V) in the upper panel and the K-band

spectra of the dwarfs in the lower panel. In the H band, the absorption maxima of the

2//3 band of CH4 at 1.67 /Lm is clearly present in the spectrum of DENIS 0255-4700. In
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addition, the broad absorption trough of the 2V2 + V3 band centered at 1.63 /-Lm, along

with a number of individual CH4 features (dotted lines), are also present in the spectrum

of DENIS 0255-4700. The K-band spectrum of DENIS 0255-4700 also shows evidence

of CH4 absorption. There is an abrupt slope change in the K-band spectrum at ,,-,2.2 /-Lm

that is coincident with the absorption maximum of the V2 + V3 band. This feature has been

seen in other late L dwarfs and there has been some disagreement about its carrier. For

example, Tokunaga & Kobayashi (1999) ascribe a similar feature in the spectrum of DENIS

0255-11AB to collisionally-induced absorption by H2 . However, Nakajima et al. (2001)

find clear evidence of CH4 absorption in both Hand K band spectra of 2MASS 0902+3517

(L6.5). We also ascribe this feature to CH4 given the detection of CH4 features at these

wavelengths and the clear detection of CH4 in the H-band.

Given the detection of CH4 absorption in the H- and K-band spectra of DENIS

0255-4700, should it be reclassified as a T dwarf? There are two spectral classification

schemes currently in use for T dwarfs (Burgasser et al. 2002a; Geballe et al. 2002). The

defining characteristic of a T dwarf given by Geballe et al. (2002) is "... the appearance

of methane absorption in the H band, i.e., to its earliest appearance in both the Hand K

bands." By this definition, DENIS 0255-4700 is a T dwarf. However, we have computed

the spectral indices for DENIS 0255-4700 defined by Geballe et al. (2002) after smoothing

the spectrum to R~500 (the resolving power of the spectral class standards). All of the

Geballe et al. (2002) indices indicate DENIS 0255-4700 has a spectral type earlier than

TO. The discrepancy probably results from the difference in resolving power; the H-band

methane features are simply difficult to identify in R ~500 spectrum. Therefore, in the

Geballe et al. (2002) classification system, DENIS 0255-4700 should remain a late-type L

dwarf.

Finally, Burgasser et al. (2002b) have suggested that late-type L and early-type T dwarfs

may exhibit substantial photometric or spectroscopic variability due to the breakup of

the cloud decks as they pass into the atmospheric convective zone (see §1.3.4). DENIS
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0255-4700 is the brightest (K = 11.55) late-type L dwarf and should become a target of

both photometric and spectroscopic variability studies.

3.6 Summary

In this chapter, we have presented a 0.6-4.1 /-lm spectral sequence of 32 M, L, and T dwarfs.

The infrared spectra (0.8-4.1 /-lm) were obtained using SpeX on the IRTF and IRCS on

Subaru and combined with published red-optical spectra. We conducted a systematic search

for atomic and molecular absorption features in the spectra of the dwarfs. We identified

nearly 80 atomic features in the spectra from 0.9 to 2.5 /-lm including lines of Na, K, Fe, Mg,

AI, Ca, and Ti. In addition, we identified, for the first time, the 0-0 band of va (A 4rr - x
4L;-) at ",,1.05 /-lm in the spectra of the M and L dwarfs and numerous CH4 features in the

Hand K band spectra of the T dwarfs. Interestingly we could not identify any absorption

features arising from CrH, Rb, and Cs, the hallmark features of the L dwarfs in optical

spectrum.

The pEWs of the K I doublets at 1.173 and 1.250 /-lm show and interesting variation

with spectral type that can be explained by the competing effects of the loss of cloud opacity

in the atmosphere and decreasing T ef f. The pEW of the refractory elements such as AI,

Mg, Fe, and Ca do not show a tight correlation with spectral type but generally decrease

with later spectral types. We defined two spectral indices that measure the strengths of the

0-0 band of va at ",,1.05 /-lm and the slope of the J-band pseudo-continuum. The later

index, called Jcont, can be used in conjunction with other spectral indices in the literature

to classify M and L dwarfs. Finally we discussed in detail the spectra of two objects,

2MASS 2224-0158 and DENIS 0255-4700. 2MASS 2224-0158 (L4.5 V) stands out from

the spectral sequence due to its extremely red color J - K =2.051. In addition, it has the

deepest 12CO bandheads (rv2.29 /-lm) in our sample. Its unusual spectroscopic properties

may indicate its has an unusually thick cloud deck and/or low gravity. DENIS 0255-4700
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exhibits weak CH4 absorption features in both the Hand K bands. DENIS 0255-4700 is

therefore one of only a few objects that straddle the Land T spectral classes.
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Chapter 4

FeH Absorption in the Near-Infared Spectra of

Late M and L dwarfs!

4.1 Introduction

Absorption bands due to FeH are ubiquitous in the red and near-infrared (0.7 < A < 1.3 /Lm)

spectra of late-type dwarfs. The most conspicuous FeH feature is the bandhead of the Wing

Ford band (Wing & Ford 1969) at 0.99 /Lm which arises from the 0-0 (Vi - v") transition

of the F 4~ - X 4~ system. Schiavon et al. (1997) obtained moderate-resolution spectra

(Rrv I3,000) of a sample of early to mid M stars to study the dependence of the Wing-Ford

band on atmospheric parameters. Their spectra show that absorption features due to FeH

dominate the spectra of the M dwarfs from 0.9850 to 1.0200 /Lm. Other bandheads of this

electronic system have also been detected in the spectra of late-type dwarfs including the

2-0 at 0.7786 /Lm (Tinney & Reid 1998), the 1-0 at 0.8692 /Lm (Kirkpatrick et al. 1999;

Martin et al. 1999b), the 2-1 at 0.902 /Lm (Tinney & Reid 1998), the 0-1 at 1.1939 /Lm

(Jones et al. 1996; McLean et al. 2000; Leggett et al. 2001; Reid et al. 2001a), and the 1-2

at 1.2389 /Lm (McLean et al. 2000; Leggett et al. 2001; Reid et al. 2001a).

In a recent study of infrared sunspot spectra, Wallace & Hinkle (2001, hereafter WH)

identified 68 lines common to both a sunspot spectrum and a laboratory spectrum of FeH

Ipublished in the Astrophysical Journal (Cushing et al. 2003a). The paper has been slightly modified for
consistency with the rest of the dissertation.
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between 1.581 and 1.755 J-lm. In addition, they identified four bandheads in the FeR

spectrum at 1.58263, 1.59118, 1.62457, and 1.61078 J-lm. Based on the theoretical work of

Langhoff & Bauschlicher (2000), they tentatively assigned this band to the 0-0 transition

of the E 4rr - A 4rr system.

WR noted that three of the bandheads, at 1.58263, 1.59118, 1.62457 J-lm, could be seen

in the low-resolution spectra of late M and L dwarfs (e.g., Leggett et al. 2001). These

bandheads probably account for the three unidentified absorption features in the spectra of

L dwarfs at 1.58, 1.613, and 1.627 J-lm reported by Reid et al. (2001a). WR also obtained a

high-resolution (R=50,000), 70 A-wide spectrum of GJ 569B (M8.5 V) centered at 1.6578

J-lm and identified 13 lines common to both the dwarf spectrum and FeR spectrum. At least

in this narrow wavelength range, the dwarf spectrum was dominated by FeR absorption

lines.

In the course of conducting a 0.8 to 4.2 J-lm spectroscopic survey of M, Land T dwarfs, we

have identified numerous weak absorption features throughout the near-infrared spectra of

the M and L dwarfs. In an attempt to determine the origin of these features, and motivated

by the work of WR, we have compared our spectra to a laboratory FeR emission spectrum

to determine whether FeR produces these absorption features.

In this paper, we present medium-resolution Z-, J- and H-band spectra offour late-type

dwarfs with spectral types ranging from M8 to L7.5 along with the identification of nearly

100 FeR absorption features. In §4.2, we discuss the dwarf spectra while in §4.3 we discuss

the FeR spectrum. In §4.4 we compare the FeR spectrum and the dwarf spectra and in §4.5

we discuss our results. Our conclusions are summarized in §4.6.

4.2 M and L Dwarf Spectra

As part of a infrared spectroscopic survey of ",20 M, L, and T dwarfs, three of us (M.C.C.,

J.T.R., and W.D.V.) have obtained spectra of vB 10 (M8 V), 2MASS 1439+1929 (Ll V),

2MASS 1507-1627 (L5 V), and 2MASS 0825+2115 (L7.5 V) using SpeX (Rayner et al.
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2003) on the NASA Infrared Telescope Facility. The resolving power, R, of the spectra

is '"'-'2000 except for 2MASS 0825+2115 for which R'"'-'1200. The spectral classification of

the L dwarfs is from Kirkpatrick et al. (1999). The observing strategy and data reduction

techniques can be found in Cushing et al. (in preparation). The signal-to-noise of the

spectra is >50.

We use AO V stars as telluric standards and as a result, care must be taken in removing

the strong hydrogen absorption lines from their spectra. The standard procedure to remove

intrinsic stellar lines is to interpolate across them using continuum points on either side of

the lines. Although this process works well for isolated lines in regions where the atmospheric

transmission is flat, it can introduce severe artifacts into the final spectra if performed in

regions where there are many overlapping stellar lines and/or the atmospheric transmission

is varying rapidly (Burgasser 2001, Figure 3.14). Our telluric correction method Vacca et al.

(2003b) uses a high-resolution model spectrum of Vega to remove the intrinsic spectrum of

the AO V standards.

An example of the process is shown in Figure 4.1 which shows the H-band spectrum of

the AO V standard for vB 10 (lower spectrum), the resulting telluric correction spectrum

(middle spectrum), and the theoretical atmospheric transmission for an airmass of 1.5 and

1.6 mm of precipitable water vapor as computed with ATRAN (Lord 1992). We have also

indicated the positions of the Brackett lines. Our telluric correction process removes the

hydrogen lines in the AO V star to a level of <2% above the continuum and leaves only

the atmospheric transmission and instrument response function. The telluric correction

spectrum is then divided into the dwarf spectra to remove telluric absorption and the

instrument response function. The telluric correction process does not introduce artifacts

into the dwarf spectra.
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is the telluric correction spectrum and the top spectrum is the theoretical atmospheric
transmission. The positions of the Bracket lines are indicated.

4.3 FeH Spectrum

One of us (S.P.D.) obtained the laboratory FeR spectrum using a King furnace at a

temperature of 2700 K and the Fourier Transform Spectrometer at the McMath-Pierce

Solar Telescope at Kitt Peak. The furnace sample was powdered iron and the filling gas

was hydrogen at a pressure of 500 Torr. It is possible that water and other contaminants

could produce additional absorption features in the resulting spectrum. To avoid this, an

enclosed optical path was set up using large bore glass tubing that was flushed with flowing

nitrogen. The spectrometer was set to a resolution width of 0.040 cm- 1 which is equivalent

to a resolving power R",150,000 at 1.6 J..Lm.

A close examination of the spectrum from 0.96 to 2.00 J..Lm verified that the lines analyzed

by Phillips et al. (1987) were present, and accounted for all the strong emission lines between

0.78 and 1.34 J..Lm. Unidentified lines outside this region were assumed to be FeR because

they showed the same line shapes and widths as those of identified lines. There were two
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regions of unidentified absorption lines in the spectrum, interspersed with the emission

lines and centered at 1.13 and 1.95 Mm. None of the data in this paper covers regions that

included absorption lines.

In the data-reduction process, the continuous background from the furnace was

subtracted off, and the emission line spectrum set to a baseline of zero intensity. The

observed line widths were twice the instrumental resolution width, owing somewhat to the

high temperature but mostly to the high pressure of hydrogen. In order to compare the

FeR spectrum to the dwarf spectra, we have degraded the resolution of the FeR spectrum

to match that of the dwarf spectra by convolving it with a Gaussian of FWRM = 5.4, 6.5,

and 8.1 A, the resolution of our observations in the z, J, and H bands, respectively.

4.4 Comparison of FeH and Dwarf Spectra

In the following sections, we compare Z-, J-, and H-band spectra of the 4 dwarfs to the

FeR spectrum. In addition to lowering the resolution of the FeR spectrum to R=2000 (see

§2), we have resampled it onto the wavelength grid of the dwarf spectra. The vacuum

wavelengths of the FeR features in the z, J, and H bands are given in Table 4.1. Since we

cannot resolve individual FeR lines with a resolution of R "'2000, all of the the FeR features

listed in Table 4.1 are blends of FeR lines.

4.4.1 z Band Comparison

Figure 4.2 shows the z-band spectrum of FeR and vB 10 in the lower and upper panels,

respectively. The FeR absorption features in this spectral region arise primarily from the

0-0 band of the F 4~ - X 4~ system. The strongest feature in the dwarf and FeR spectrum

is the bandhead of the 0-0 band at 0.988 Mm. We also have identified 32 absorption features

redward of this bandhead which are present in the dwarf spectrum and in the FeR spectrum

and have listed them in Table 4.1.
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Table 4.1: Features Common to FeH and Dwarf Spectra

Vacuum Vacuum Vacuum Vacuum Vacuum
Wavelength Wavelength Wavelength Wavelength Wavelength

(/-lm) (/-lm) (/-lm) (/-lm) (/-lm)
0.997510 1.04733 1.22602 1.31108 1.65512
1.00133 1.05197 1.22748 1.31751 1.66100
1.00390 1.05679 1.22964 1.32060 1.66379
1.00606a 1.05923 1.23362 1.32365 1.66771
1.00926 1.06096 1.23481 1.32542 1.67655
1.01185 1.06225 1.23599 1.58788 1.68176
1.01392 1.07267 1.23778 1.58995 1.68511
1.01633 1.07373 1.24637 1.59499 1.68943
1.01870 1.07576 1.24825 1.59696 1.69426
1.02201 1.07964 1.25944 1.59903 1.69706
1.02619 1.08264 1.26482 1.60241 1.70111
1.02847 1.08492 1.27074 1.60588 1.70406
1.03009 1.20485 1.27416 1.60763 1.70772
1.03234 1.20702 1.27860 1.61167 1.71419
1.03398 1.20917 1.28621 1.61535 1.71856
1.03554 1.21126 1.28866 1.63002 1.72971
1.03842 1.21348 1.29612 1.64411 1.73183
1.03954 1.21584 1.30459 1.64733 1.74073
1.04157 1.22210a 1.30633 1.64935 1.75103
1.04291 1.22458 1.30786 1.65164

a Q-branch
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The feature at 1.0060 J.Lm arises from the the F 4b.7/ 2-X 46.7/ 2 Q-branch (Phillips et al.

1987). Phillips et al. (1987) also identified another weaker Q-branch (F 4b.5/ 2-X 46.5/2 ) at

0.997904 J.Lm which we cannot unambiguously identify. There are also three broad features

in the vB 10 spectrum at 0.99513, 1.03490 and 1.06664 J.Lm which have no counterparts in

the FeH spectrum. The feature at 1.03490 J.Lm is most likely a blend of the Fe a 5P2 

z 5F3line at 1.0343720 J.Lm, the Ca 484p 1PI - 48 58 ISO line at 1.0346646 J.Lm and the

two weak FeH features at 1.03398 and 1.03554 J.Lm. This broad features disappears in the

spectra of the mid L dwarfs revealing the two weaker FeH features. The other two features

at 0.99513 and 1.06664 J.Lm remain unidentified because their shapes and relative strengths

do not match the FeH features at those wavelength.

Figure 4.3 shows the z-band spectra of the four dwarfs. The 32 features are indicated

with dotted lines. The bandhead, Q-branch, and 32 features are present in all of the dwarf

spectra except for 2MASS 0825+2115 (L7.5 V) in which the features are either absent or

considerably weaker. This dramatic weaking of the 0-0 band is consistent with the recent

finding of Burgasser et al. (2002b) and will be discussed in §5.

134



1.4
_ FeH

} A
J tv y" ('f':I

Q ~E {I\:t I

~)',J1 AA ~~0J~ 1.2 - f' ( -

-<
"-

':: 1.0 - -
"-

0.8 - -

2.5 - -

~ 2.0 - -
Ui
c..
:E 1.5 - -

...~

~ ~~ ~V~~~W ~ ~
C 1.0 - -
a;

'" 0.5 f-

1/ 'v-'1rJ ~ VlA
-

0.0 MI
vJl..J ~

1.00 1.02 1.04 1.06 1.08
Wavelength (microns)

Figure 4.2 z band: The lower panel is the FeH spectrum, and the upper panel is the vB 10
spectrum. The location of the 0-0 bandhead, and Q-branch are indicated. The 32 features
are indicated with dotted lines.

3.5

3.0

c
.E 2.5..
c
o

U

+
E 2.0
:t

,,--< 1.5

........
-<

"-

1.0

0.5

1.00 1.02 1.04
Wavelength (microns)

1.06 1.08

M8 V

L1 V

L5 V

Figure 4.3 z band: The spectra of the 4 dwarfs. The location of the 32 features are shown
with dotted lines as well as the bandhead and Q-branch feature.

135



4.4.2 J Band Comparison

Figure 4.4 shows the J-band spectrum of FeH and vB 10 in the lower and upper panels,

respectively. We believe the FeH features in this spectral region arise from the 0-1 and

1-2 bands of the F 4~ - X 4~ system. The most prominent features are the bandheads of

the 0-1 and 1-2 bands at 1.1939 and 1.2389 J-Lm, respectively. There are also some atomic

absorption features seen in the dwarf spectrum namely the K I 4p 2po
- 58 28 multiplet at

1.2432 and 1.2522 J-Lm, the Al I 48 28 - 4p 2po multiplet at 1.3117 and 1.3154 J-Lm and the

a 5P3 - Z 5D4Fe line at 1.1976 J-Lm.

The features at 1.20907, 1.21126, 1.21348 and 1.22210 J-Lm were previously identified as

FeH absorption features by Jones et al. (1996). We have identified the feature at 1.22210

J-Lm as the F 4~7/2-X 4~7/2 Q-branch (Phillips et al. 1987). In addition we have identified

24 new features which are present in the dwarf spectrum and in the FeR spectrum and have

listed them in Table 4.1 along with the four features identified by Jones et al. (1996). The

FeH features between 1.2 and 1.235 J-Lm arise from the 0-1 band while the features longward

of 1.24 J-Lm arise from the 1-2 band although some P-branch lines from the 0-1 band are

also present.

Figure 4.5 shows the J-band spectra of the four dwarfs. The 33 features are indicated

with dotted lines. The bandheads, Q-branch, and 33 features are again present in all of the

dwarf spectra except for 2MA88 0825+2115 (L7.5 V) where the features are either weaker

or absent.

4.4.3 H Band Comparison

Figure 4.6 shows the H-band spectra of FeH and vB 10 in the lower and upper panels,

respectively. We believe the absorption features in this spectral region are caused by FeH

and arise from the 0-0 band of the E 4rr - A 4rr system. Three of the four bandheads

identified by Wallace & Hinkle (2001) at 1.58263, 1.59118, 1.62457 J-tm are clearly present.

We have identified 34 features, 32 of which are new, that are present in the vB 10 spectrum

and in the FeH spectrum and have listed them in Table 4.1. Two of the feautures at 1.65512
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with dotted lines as well as the bandheads and Q-branch feature.
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and 1.66100 /--lm are blends of the 13 FeH lines identified in the spectrum of GJ 569B by

Wallace & Hinkle (2001). There is also a strong absorption feature at 1.64053 /--lm which

has no counterpart in the FeH spectrum and remains unidentified. This feature is located

within a much broader absorption feature which does appear in the FeH spectrum.

Figure 4.7 shows the H-band spectra of the 4 late-type dwarfs along with the location

of the 34 features described above and three of the four bandheads identified by Wallace

& Hinkle (2001). The three bandheads and 34 features are conspicuous in all of the dwarf

spectra except for 2MASS 0825+2115 (L7.5 V) where the FeH features are considerably

weaker. This is consistent with the weakening of the FeH absorption features in both the

z- and J -band and is further evidence that FeH is the cause of most of the absorption seen

in the H-band spectra of late-type dwarfs.

4.5 Discussion

Our results indicate FeH is an important opacity source in the atmospheres of late-type

dwarfs from 0.99 to 1.7 /--lm. Not only does FeH produce at least 6 bandheads in this

wavelength range, but now nearly 100 weaker features which are presumably blends of

numerous individual absorption lines. Although Wallace & Hinkle (2001) found that FeH

absorption is present in the H -band spectra of late-type dwarfs, their detections were limited

to the three bandheads and 13 lines in a narrow 70 A-wide spectrum. We have shown that

medium-resolution dwarf spectra from 1.56 to 1.76 /--lm consist of numerous absorption

features, almost all of which are due to FeH. Likewise, the 0.99 to 1.1 /--lm dwarf spectra

consist of numerous absorption features which are also almost all caused by FeH.

As noted in §4, the FeH absorption features throughout the near-infrared spectra of

2MASS 0825+2115 (L7.5 V) are either much weaker than the earlier L dwarfs or absent

entirely. Burgasser et al. (2002b) have also found that the Wing-Ford band at 0.99 /--lm

weakens and then disappears in mid to late L dwarfs. This is consistent with Fe condensing

out of the atmosphere and forming a cloud layer which drops below the photosphere with
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decreasing effective temperature thus removing Fe-bearing molecules (FeH) from the layers

above the cloud layer. However, they also find that the bandhead reappears in the early to

mid T dwarfs. Since this is inconsistent with the scenario just described, Burgasser et al.

(2002b) propose holes are present in the cloud layer which allow the observer to see to

deeper and thus hotter layers where FeH is not depleted. Unfortunately, we cannot test

whether the FeH features in the J- and H-band spectra will reappear in early T dwarf

spectra since strong methane absorption features appear in both the J- and H-band at

these low effective temperatures and will mask any FeH features that may be present.

The appearance of two CrH bandheads of the A 62;+ - X 62;+ system at 0.86 (0-0) and

0.99685 (0-1) {tm are a defining characteristic of the L spectral type. In fact, a spectral

index based on the 0-0 bandhead is used to spectral type L dwarfs in the red-optical

(Kirkpatrick et al. 1999). We question the identification of the 0-1 bandhead at 0.997 {tm

since there are three FeH absorption features at this wavelength that are apparent in the

spectra of the mid M to late L dwarfs. This may explain the scatter in the spectral index

defined using the 0-1 bandhead (Kirkpatrick et al. 1999). Only higher resolution spectra

will be able to determine to what extent the 0-1 CrH bandhead is present.

Finally, it should be noted that the opacities for FeH used in current atmospheric models

are known to be incorrect (P. Bernath et al., inpreparation). In addition, an analysis similar

to that of Phillips et al. (1987) has yet to be performed on the new E 4rr - A 4rr system

identified by Wallace & Hinkle (2001). Atmospheric models are necessary to determine

the effective temperature scale for late-type dwarfs and until the correct FeH opacities are

included in these models, obtaining good fits between the observations and models near

FeH features may be difficult. Fortunately, there is work currently under way to revise the

FeH opacities (P. Bernath et al., in preparation). Once this work is completed, it should

also be possible to constrain the abundance of FeH in the atmospheres of late-type dwarfs

as has recently be done for CrH (Burrows et al. 2002) and CO (Noll et al. 1997).
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4.6 Conclusions

We have presented Z-, J-, and H-band spectra of four dwarfs with spectral types ranging

from M8 to L7.5. Using a laboratory FeH emission spectrum, we have identified nearly

100 FeH absorption features in the dwarf spectra. The H-band spectra contain 34 features

which have counterparts in the FeH spectrum. Taken together with the results of Wallace

& Hinkle (2001), our results suggest that FeH absorption dominates the spectra oflate-type

dwarfs from 1.56 to 1.76 {Lm.
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Chapter 5

Fundamental Parameters and Model Comparisons

5.1 Introduction

Although spectral classification schemes for late-type M, L, and T dwarfs have been

constructed based on red-optical and near-infrared spectra (Kirkpatrick et al. 1999; Martin

et al. 1999b; Burgasser et al. 2002a; Geballe et al. 2002), the calibration of these schemes in

terms offundamental physical parameters such as effective temperatures (Tell)' bolometric

luminosity (Lbol ) , gravity (log g), and metallicity ([M/HJ), is an on-going process. In this

chapter, we focus on the two most important parameters, Lbol and Tell'

In §5.2, we derive the bolometric fluxes and luminosities of the dwarfs using the flux

calibrated 0.6-4.1 pm spectra presented in Chapter 3. In addition, we compute bolometric

corrections for the J-, H-, and K-bands in the UKIRT (Hawarden et al. 2001), MKO

(Tokunaga et al. 2002), and 2MASS (Cohen et al. 2003) photometric systems. In §5.3, we

use the derived bolometric luminosities and evolutionary models to estimate the effective

temperatures of the dwarfs. Finally in §5.4, we compare the spectra of the Land T dwarfs

to the model spectra of Marley et al. (2002) and show, for the first time, spectroscopic

evidence for the presence of condensate clouds in the atmospheres of Land T dwarfs.

5.2 Bolometric Fluxes and Luminosities

The bolometric flux of an object is given by,
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(5.1)

where f>..(A) is the observed flux density of the object. The spectra presented in Chapter 3

extend only from 0.6 to 4.1 /Lm and contain two gaps in wavelength coverage centered at

1.85 and 2.6 /Lm. In order to construct spectra suitable for integration over all wavelengths,

we follow the standard practice of extending the observed spectra blueward of 0.6 /Lm using

published optical photometry and redward of 4.1/Lm using a Rayleigh-Jeans tail (Berriman

& Reid 1987; Leggett et al. 1996, 2001).

First, the U, B, and V magnitudes of the M dwarfs given in Table 3.4 are converted to

flux densities using,

(5.2)

where ffbj (Ao) and f~ega(AO) are the flux densities of the object and Vega at a wavelength

AO corresponding to bandpass X, ma;j is the magnitude of the dwarf in bandpass X and

miega is the magnitude of Vega in bandpass X. We used the flux-calibrated Kurucz model

of Vega described in §3.3.1 to determine f~ega(AO) and assume that miega is zero for all

bandpasses. Clearly Equation 5.2 is an approximation since the bandpasses are not delta

functions, but in the absence of spectral information it is the best alternative available. We

take AO to be the mean wavelength of the U, B, and V Johnson bandpasses: 0.36, 0.44

and 0.55 /Lm. For each dwarf spectrum, we linearly interpolated from zero flux at zero

wavelength, through the U-, B-, and V-band flux densities if available, to the flux density

at the bluest wavelength of the spectrum. The gaps in the spectrum at 1.85 and 2.6 /Lm

are removed by linear interpolation between the flux densities at the gap edges. Finally, we

extend a Rayleigh-Jeans tail from the reddest wavelength of the spectrum to infinity. Care

was taken to extend the Rayleigh-Jeans tail from a wavelength that showed no spurious

absorption features.
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To test how well the Rayleigh-Jeans tail approximates the flux of the dwarfs at A >4.1

/--lm, we have compared the integrated flux of a Rayleigh-Jeans tail and the integrated

flux of the NEXTGEN, DUSTY, and COND synthetic spectra (Allard et al. 2001) at

various effective temperatures. The models represent limiting cases in the treatment of

dust sedimentation. The NEXTGEN models have no dust in the atmosphere and thus are

appropriate for early- to mid-type M dwarfs. The DUSTY models contain dust that is

fully mixed within the atmosphere and thus are appropriate for late-type M and early- to

mid-type L dwarfs. The COND models have dust that is completely sequestered below the

photosphere and thus are appropriate for late-type L dwarfs and T dwarfs (see §1.3.4 for a

further discussion of the DUSTY and COND models). The integrated flux of a Rayleigh

Jeans tail at A > 4.1 /--lm agrees with that of the models to ",,1%, ""5%, and ",,20% for M,

L, and T dwarfs, respectively. The large discrepancy between the Rayleigh-Jeans tail and

the models appropriate for the T dwarfs (COND) is a result of absorption bands of H20,

CH4 , and NH3 in the 6 to 12 /--lm region (Saumon et al. 2003a).

The bolometric fluxes of the dwarfs with 0.6-4.1 /--lm spectra are computed from

Equation 5.1 and are listed in column 3 of Table 5.1. The errors in the bolometric fluxes

are given by,

(5.3)

where CTmobj is the error on the magnitude used to flux calibrated the spectra (see §1.3.1)

and D.RJ is an estimate of the systematic error introduced by assuming a Rayleigh-Jeans

tail. Equation 5.3 can be derived by applying the standard error propagation formula to the

definition of a magnitude, m = -2.5 log f and then adding L::.RJ. The apparent bolometric

magnitudes listed in column 4 of Table 5.1 are derived from

mbol = -2.5 x log(fbol) - 18.988,

where we have assumed L 0 = 3.86 X 1026 Wand M bol0 = +4.74.
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Table 5.1: M, Land T Dwarfs

Object Spectral Fbol mbol loglO Mbol T eff

Type (W m-2 ) (L/L0 ) (K)
(1) (2) (3) (4) (5) (6) (7)

G1229A M1.0 V 5.25E-11 ± 2.49E-12 6.71 ± 0.05 -1.27 ± 0.02 7.90 ± 0.05 3777-3829
G1205 M1.5 V 6.43E-11 ± 3.05E-12 6.49 ± 0.05 -1.19 ± 0.02 7.72 ± 0.05 3852-3922
G1411 M2.0V 1.13E-10 ± 5.36E-12 5.88 ± 0.05 -1.64 ± 0.02 8.85 ± 0.05 3522-3564
GJ 381 M2.5 V 6.99E-12 ± 4.88E-13 8.90 ± 0.08 -1.48 ± 0.04 8.45 ± 0.10 3599-3659
G1273 M3.5 V 2.15E-11 ± 1.85E-12 7.68 ± 0.09 -2.02 ± 0.04 9.79 ± 0.09 3338-3424
G1213 M4.0V 5.94E-12 ± 1.98E-13 9.08 ± 0.04 -2.21 ± 0.02 10.26 ± 0.06 3249-3347
G151 M5.0V 1.48E-12 ± 5.80E-14 10.59 ± 0.04 -2.30 ± 0.07 10.49 ± 0.17 3174-3328
G1406 M6.0V 5.74E-12 ± 3.55E-13 9.11 ± 0.07 -2.99 ± 0.03 12.23 ± 0.07 2635-2893
GJ 1111 M6.5 V 2.04E-12 ± 6.85E-14 10.24 ± 0.04 -3.08 ± 0.02 12.44 ± 0.04 2563-2819
VB 8 M7.0V 4.52E-13 ± 2.16E-14 11.87 ± 0.05 -3.23 ± 0.02 12.82 ± 0.05 2404-2692
LP 412-31 M8.0V 7.83E-14 ± 3.02E-15 13.78 ± 0.04 -3.29 ± 0.02 12.97 ± 0.05 2342-2634

........ VB 10 M8.0V 4.44E-13 ± 2.12E-14 11.89 ± 0.05 -3.32 ± 0.02 13.05 ± 0.05 2304-2608
~
01 LP 944-20 M9.0V 2.06E-13 ± 9.87E-15 12.73 ± 0.05 -3.80 ± 0.03 14.25 ± 0.07 1800-2160

DENIS 1048-3956 M9.0V 5.82E-13 ± 3.75E-14 11.60 ± 0.07 -3.31 ± 0.17 13.02 ± 0.42 2158-2754
LHS 2924 M9.0V 6.73E-14 ± 3.23E-15 13.94 ± 0.05 -3.61 ± 0.02 13.76 ± 0.06 1995-2337
BRI 0021-0214 M9.5 V 7.66E-14 ± 3.67E-15 13.80 ± 0.05 -3.50 ± 0.05 13.49 ± 0.11 2089-2461
2MASS 0746+2000AB LO.5 V 8.22E-14 ± 4.20E-15 13.72 ± 0.06 -3.42 ± 0.02 13.29 ± 0.06 1885-2233a

2MASS 1439+1929 L1.0 V 3.02E-14 ± 1.50E-15 14.81 ± 0.05 -3.71 ± 0.02 14.02 ± 0.06 1891-2239
Kelu-1 L2.0 V 2.17E-14 ± 1.11E-15 15.17 ± 0.06 -3.63 ± 0.04 13.81 ± 0.10 1959-2333
2MASS 1506+1321 L3.0 V 2.27E-14 ± 6.0lE-15 15.12 ± 0.29
2MASS 1146+2230AB L3.0 V 1.13E-14 ± 5.29E-16 15.88 ± 0.05 -3.59 ± 0.03 13.71 ± 0.07 1719-2083a

2MASS 0036+1821 L3.5 V 4.60E-14 ± 2.40E-15 14.35 ± 0.06 -3.96 ± 0.02 14.64 ± 0.06 1655-2011
2MASSS 2224-0158 L4.5 V 1.75E-14 ± 8.95E-16 15.40 ± 0.06 -4.16 ± 0.02 15.13 ± 0.06 1472-1840
2MASS 1507-1627 L5.0 V 3.69E-14 ± 1.96E-15 14.60 ± 0.06 -4.15 ± 0.02 15.10 ± 0.06 1480-1850
SDSS 0539-0559 L5.0 V 1.25E-14 ± 6.56E-16 15.77 ± 0.06 -4.17 ± 0.03 15.17 ± 0.08 1443-1833
2MASS 0825+2115 L7.5 V 7.84E-15 ± 5.18E-16 16.28 ± 0.07 -4.56 ± 0.03 16.14 ± 0.07 1135-1511
DENIS 0255-4700 L8.0 V 2.85E-14 ± 1.6lE-15 14.87 ± 0.06
SDSS 1254-0122 T2.0V 4.96E-15 ± 4.56E-16 16.77 ± 0.10 -4.67 ± 0.04 16.42 ± 0.11 1058-1436
2MASS 0559-1404 T5.0V 8.54E-15 ± 7.63E-16 16.18 ± 0.10 -4.56 ± 0.04 16.13 ± 0.10 1129-1521

a Assumes an equal contribution to the luminosity from each component.



Leggett et al. (1996), Leggett et al. (2001) and Leggett et al. (2002) have computed

bolometric fluxes for eleven of the M and L dwarfs in our sample. The flux-calibrated

spectra used in their analysis extend only to .A = 2.5/tm. In order to approximate the

spectra at .A > 2.5/tm, they interpolated between the flux densities at 2.5 /tm and the

L'-band flux densities, derived from £I-band photometry and Equation 5.2, and assumed

a Rayleigh-Jeans taillongward of L'. Their bolometric flux measurements agree with our

measurements within the errors for all of the dwarfs. The good agreement between our two

techniques means £I-band photometry can be used as a substitute for L-band spectroscopy

when computing bolometric fluxes. This greatly simplifies the calculation of fbol for M and

L dwarfs since L'-band photometry is easier to obtain than 3-4 /tm spectroscopy.

Figure 5.1 shows the fraction of fbol contained in four wavelength intervals, 0-1, 1-2.5,

2.5-4.1, and 4.1-00 /tm, for each dwarf as a function of spectral type. The 1.0-2.5 /tm

wavelength interval contributes the largest fraction of the bolometric flux (60%) for all

spectral types. The contribution of the 0-1 /tm interval steadily decreases from ,,-,35% at a

spectral type of MO to <5% at a spectral type of L6. The 2.5-4.1 /tm interval is the second

largest contributor to fbol (,,-,20%) from a spectral type of M8 V to L8 V. This underscores

the importance of obtaining either flux-calibrated L-band spectra or £I-band photometry

to account for the flux in this wavelength interval. Finally, the flux longward of 4.1 /tm

contributes ,,-,20% of the flux in T dwarfs. Since there is only one photometric measurement

of a T dwarf at .A > 5 /tm (Matthews et al. 1996), upcoming spectroscopic observations

of Land T dwarfs with the Space Infrared Telescope Facility (SIRTF) will be critical in

reducing the errors in the derived bolometric fluxes of T dwarfs.

The logarithm of the bolometric luminosity relative to the solar luminosity is given by,

log(Lboz/L8) = log(fbol) - 2 x log(7f) + 7.4913, (5.5)

where 7f is the parallax of the dwarf and fbol is the bolometric flux. The absolute bolometric

magnitude is given by,
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4.1-00 J1.ffi.
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Mbol = -2.5 X log (Lboz/ L 8 ) + 4.74. (5.6)

The bolometric luminosities and absolute bolometric magnitudes of the dwarfs with

measured parallaxes are given in columns 5 and 6 of Table 5.1.

Figure 5.2 shows the bolometric luminosity of the dwarfs as a function of spectral type.

We have assumed an equal contribution to the luminosity for the two binary systems,

2MASS 0746+2000AB and 2MASS 1146+2230AB, and have included the bolometric

luminosity estimates of GI 229B (T6.5 V, Leggett et al. 1999) and GI 570 D (T8.0 V,

Geballe et al. 2001). The dashed lines indicate the luminosity of the hydrogen burning

minimum mass (HBMM) for solar metallicity from the Chabrier & Baraffe (1997) models

(upper line) and the Burrows et al. (1997) models (lower line). Objects with bolometric

luminosities below log(LjL 8 ) ~ -4 are incontrovertibly brown dwarfs. The intersection

of this line with the dwarf sequence at a spectral type of ",L4 V marks the edge of the

stellar main sequence. Dwarfs with spectral types earlier than ",L4 V are a mix of stars

and BDs because as described in §1.3.3, young BDs have properties (Teff , Lbol) similar to

older dwarf stars.

Lbol steadily declines through the M and L dwarfs. There is an inflection point at a

spectral type of ",M6 V such that the decline of L bol is steeper at earlier spectral types and

shallower at later spectral types. Interestingly, L bol appears to remain roughly constant

(or possibly rises?) from a spectral type of TO V to T5 V before declining again at later

spectral types. The potential implications of this will be discussed further in §5.3 and §5.4.

Although there is scatter along the sequence, LP944-20 (M9.0 V), Kelu-1 (L2.0 V), and

2MASS0559-1404 (T5.0 V) appear to have anomalous luminosities given their spectral

types.

Martin et al. (1999b) were the first to note that Kelu-1 (L2.0 V) is superluminous for

its spectral type. Hubble Space Telescope observations by Martin et al. (1999a) revealed

no companion near Kelu-1; therefore if it is a single object, then it is a young ("'100 Myr)

148



-1
••

••
-2 •.,

2MASS0746+2000AB-
j -3 1::J- • Kelu-1
'6) • • Ie"" 2MASS0559-1404

.2 -4 === ==~:Lo= ::=; ====== ===~.= == ==-
2MASS1146+2230A8 •

-5

MO M2 M-4 M6 M8 LO L2 L4 L6 L8 TO T2 T-4 T6 T8
Spectral Type

Figure 5.2 The bolometric luminosities of the M (blue), L (red), and T (magenta) dwarfs
as a function of spectral type. Fill d circles denote dwarfs from this study while open
triangles denote Gl 299 B (T6.5 V, Leggett et al. 1999) and Gl 570 D (T8.0 V, Geballe
et al. 2(01). The dashed lines indicate the luminosity of the hydrogen burning minimum
mass (HBMM) for solar metallicity from the Chabrier & Baraffe (1997) models (upper line)
and the Burrows et al. (1997) models (low r line).

149



brown dwarf. LP944-20 was identified as a ,,-,500 Myr-old BD by Tinney (1998) based on its

Lbol and the presence of Li in its spectrum. Its luminosity, however, is 0.2 dex fainter than

the luminosity of the old disk dwarf LHS 2924 (M9.0 V). Since at a given Teff' VLM stars

and BDs become progressively fainter as they age (e.g., Burrows et al. 1997), the age of LP

944-20 inferred by Tinney (1998) and its bolometric luminosity appear to be inconsistent.

The bolometric luminosity of 2MASS0559-1404 (T5.0 V) is 0.09 dex greater than that of

SDSS 1254-0122 (T2.0 V), which indicates that it may be either a young brown dwarf or

an unresolved binary. Burgasser (2001) was unable to resolve it into a binary using the

Hubble Space Telescope Wide Field/Planetary Camera 2 (WFPC2).

5.2.1 Bolometric Corrections

We have computed the J-, H-, and K-band bolometric corrections (BCx = mbol-mx) for

the dwarfs in the UKIRT (Hawarden et al. 2001), MKO (Tokunaga et al. 2002), and 2MASS

(Cohen et al. 2003) photometric systems. Since none of the dwarfs in our sample have J-

, H-, and K-band magnitudes measured in all three photometric systems, we computed

synthetic magnitudes for the dwarfs using,

I [J )..ffb
j
(>\)Tx ()")d)" ]

mx = -2.5 x og I )..f~ega()")Tx()")d)" , (5.7)

where f~ega()..) is the flux density of Vega, ft j
()..) is the flux density of the object, and

Tx()") is the transmission function for bandpass X (see §3.3.1). The bolometric corrections

are listed in Table 5.2 and are shown as a function of spectral type in Figure 5.3.

The J- and H-band bolometric corrections exhibit a complex variation with spectral

type. 2MASS 2224-0158 has anomalous BCJ and BCH values because of its extreme red

color J - K = 2.48 (see also §3.5.1). There is substantial variation in BCJ and BCH

("'0.1 mag) between photometric systems at a given spectral type due to differences in

the bandpasses. In contrast, the K-band bolometric corrections show a relatively smooth

variation with spectral type. Table 5.3 lists the coefficients of a fourth-order polynomial
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fit to BCK as a function of spectral type in each photometric system (ignoring 2MASS

2224-0158). The fits are shown in Figure 5.3.

5.3 Effective Temperatures

The effective temperature of a star or brown dwarf is defined to be,

(
L ) 1/4

Teff= 47f~~(J , (5.8)

where Lbol is the bolometric luminosity of the star, R is the radius of the object, and

(J is the Stefan-Boltzmann constant. Since the direct measurement of dwarf radii has

so far been limited to stars with spectral types earlier than rvM5 V (Lane et al. 2001;

Segransan et al. 2003), effective temperatures of late-type dwarfs are usually determined

by 1) finding the best fit between an observed spectrum and synthetic spectra computed

from model atmospheres with various effective temperatures (Basri et al. 2000; Leggett

et al. 2001) and/or 2) comparing the observed bolometric luminosity of an object to

theoretical evolutionary models (Leggett et al. 2001; Dahn et al. 2002). We have followed

the latter approach because Teff estimates derived from fits between observed and synthetic

spectra are dominated by systematic rather than statistical errors (Schweitzer et al. 2001,

2002; Leggett et al. 2001). This is due primarily to incomplete gas opacities as well as

the treatment of dust formation and sedimentation (see §1.3.4). In contrast, Lbol and

Teff predicted by evolutionary models are relatively insensitive to atmospheric opacities

(Burrows & Liebert 1993; Chabrier et al. 2000b).

An object with a given L bol can have a range of effective temperatures depending on its

age. Since the ages of the dwarfs in our sample are unknown, we assume an age range of 0.1

to 10.0 Gyr. Figure 5.4 shows the 0.1 and 10.0 Gyr isochrones ([M/H]=O.O) from the Lyon

group (Chabrier & Baraffe 1997; Chabrier et al. 2000b; Baraffe et al. 2003) on a theoretical

HR diagram (Lbol vs. Teff ). The models were constructed using the NEXTGEN (blue),

DUSTY (red), and COND (green) model atmospheres. The weak dependence of Lbol and
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Table 5.2: Bolometric Corrections

UKIRT UKIRT-MKO 2MASS
Object BC] BCH BCK BC] BCH BCK BC] BCH BCK

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Gl229A 1.76 2.40 2.56 1.74 2.35 2.57 1.71 2.38 2.56
Gl205 1.76 2.47 2.62 1.74 2.42 2.63 1.71 2.45 2.63
Gl411 1.81 2.35 2.52 1.80 2.31 2.53 1.77 2.34 2.52
GJ 381 1.85 2.45 2.64 1.85 2.41 2.65 1.82 2.43 2.64
Gl273 1.92 2.48 2.72 1.92 2.44 2.73 1.89 2.46 2.71
Gl213 1.95 2.47 2.70 1.96 2.42 2.71 1.92 2.45 2.68
Gl51 2.00 2.59 2.87 2.01 2.54 2.88 1.97 2.57 2.86
Gl406 2.03 2.65 3.00 2.04 2.60 3.02 1.99 2.63 3.00
GJ 1111 2.04 2.64 3.00 2.05 2.58 3.02 2.01 2.62 2.99
VB 8 2.05 2.65 3.02 2.08 2.60 3.04 2.02 2.64 3.01
LP 412-31 2.02 2.73 3.14 2.04 2.67 3.17 1.99 2.71 3.14
VB 10 2.03 2.71 3.12 2.07 2.65 3.14 2.02 2.69 3.11
LP 944-20 2.03 2.75 3.19 2.08 2.68 3.22 2.02 2.73 3.19
LHS 2924 1.97 2.74 3.19 2.01 2.68 3.22 1.95 2.72 3.19
DENIS 1048-3956 2.06 2.71 3.11 2.12 2.65 3.14 2.06 2.69 3.11
BRI0021-0214 1.98 2.77 3.26 2.00 2.70 3.30 1.94 2.75 3.27
2MASS 0746+2000AB 2.01 2.80 3.25 2.07 2.73 3.29 2.00 2.78 3.26
2MASS 1439+1929 2.04 2.81 3.26 2.12 2.75 3.30 2.04 2.80 3.27
Kelu-1 1.90 2.87 3.46 1.97 2.79 3.50 1.89 2.85 3.47
2MASS 1146+2230AB 1.76 2.72 3.28 1.82 2.64 3.31 1.74 2.70 3.29
2MASS 1506+1321 1.79 2.77 3.38 1.87 2.69 3.42 1.78 2.74 3.39
2MASS 0036+1821 1.88 2.80 3.30 1.97 2.72 3.34 1.89 2.78 3.31
2MASSS 2224-0158 1.38 2.62 3.34 1.44 2.53 3.38 1.35 2.59 3.37
2MASS 1507-1627 1.77 2.75 3.26 1.88 2.68 3.30 1.78 2.74 3.28
SDSS 0539-0559 1.85 2.80 3.27 1.96 2.73 3.31 1.86 2.79 3.29
2MASS 0825+2115 1.31 2.55 3.28 1.40 2.47 3.32 1.30 2.53 3.29
DENIS 0255-4700 1.56 2.68 3.24 1.69 2.61 3.28 1.58 2.67 3.27
SDSS 1254-0122 1.88 2.71 2.80 2.10 2.65 2.86 1.94 2.72 2.91
2MASS 0559-1404 2.31 2.55 2.37 2.59 2.54 2.47 2.39 2.60 2.59

Table 5.3: Polynomial Coefficients for BCK

Photometric System cO c1 c2 c3 c4
(1) (2) (3) (4) (5) (6)

UKIRT 2.471 0.05165 0.008407 -0.0006989 0.00001094
MKO 2.484 0.04700 0.009981 -0.0008154 0.00001363
2MASS 2.491 0.03445 0.01157 -0.0009085 0.00001589

Note: BCK = cO + c1xST + c2xST2 + c3xST3 + c4xST4
, where ST(MO) = 0, ST(LO)=lO, and

ST(TO)=20.
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Figure 5.4 Theoretical HR diagram with isochrones for 0.1 (dashed) and 10 Gyr (solid) from
the NEXTGEN (blue), DUSTY (red), and COND (green) evolutionary models.

TelI on changes in dust opacity can be seen in Figure 5.4 where the isochrones for a given

age are similar for the DUSTY and COND models. Chabrier et al. (2000b) estimate the

difference between the DUSTY and COND models is :S 10% in Tell and :S25% in Lbol.

The Tell range for each dwarf is estimated using Figure 5.4 by identifying the minimum

and maximum Tef! possible given the 1-0" error bars in L bol . The Tell ranges are listed in

column 7 of Table 5.1 and are shown as a function of spectral type in Figure 5.5. The error

bars in Figure 5.5 correspond to the TelI range and the filled circles mark the midpoint

of the temperature range. We have also included the Tell estimates of GI 229B (T6.5 V,

Leggett et al. 1999) and GI 570 D (T8.0 V, Geballe et al. 2001).

Tell shows a fairly monotonic decrease through the M and L sequence but remains

roughly constant at '"1300 K from a spectral type of L7 V to T 5 V before decreasing again

at later spectral types. This plateau in Tellis the same plateau in Lbol seen in Figure 5.2.
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The plateau in T ef f means that the dramatic spectral morphological changes seen at the

LIT transition, i.e. the onset of CH4 absorption bands in the near-infrared spectra of T

dwarfs, is not caused by a change in Tef f.

The small difference in Tef f between the latest L dwarfs and T dwarfs was first noted by

Kirkpatrick et al. (2000) and has also been found by Burgasser et al. (2002a) and Leggett

et al. (2003). Burgasser et al. (2002a) ascribe this behavior to the changing influence of cloud

opacity on the emergent spectrum with decreasing Tef f. A given condensate forms a cloud

deck at roughly a constant temperature (see however Marley et al. 2002) and as a result,

the cloud deck forms at progressively lower levels in the atmosphere with decreasing T eff .

As the cloud deck sinks below the photosphere over a narrow effective temperature range,

the loss of cloud opacity causes the atmosphere to become cooler and more transparent.

The column abundances of CH4 and H20 thus increase resulting in a dramatic change in

spectral morphology, i.e. band depths of CH4 and H20, over a narrow Teff range. We

present spectroscopic evidence in support of this interpretation in the next section.
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Figure 5.5 Effi tive temperatures for the M (blue), L (red) and T (magenta) dwarfs derived
using the evolutionary models of Chabrier & Baraffe (1997), (Chabrier et aI. 2OOOb), and
Baraffe et aI. (2003). The error bars correspond to the Teff range given in Table 5.1 and
the filled circles mark the midpoint of the temperature range. The open triangles are the
effective temperatures of GI 229B (T6.5 V, Leggett et aI. 1999) and Gl 570 D (T8.0 V,
Geballe et aI. 2001).
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5.4 Synthetic Spectra Comparisons

As described in §1.3.4, L dwarfs become progressively fainter in MJ and redder in J - K

with increasing spectral type. The transition to the T dwarfs, however, is marked by a rapid

turn towards the blue in J - K and a slight decrease in MJ. Only model atmospheres that

include grain sedimentation (Tsuji 2002; Marley et al. 2002) reproduce the J - K colors of

the L dwarfs and the observed turn towards the blue at the L/T transition. In particular,

Marley et al. (2002) found that models with a sedimentation efficiency factor Used) of 3

(see §1.3.4) provide the best fit to the data.

We have therefore compared the spectra of the Land T dwarfs presented in Chapter

3 with the cloudy Used=3)1 and cloud-free models of Marley et al. (2002). The cloud-free

models are identical to the fsed=3 models except they do not include the cloud opacity in

the radiative transfer calculation. The models consist of a grid of spectra with log g=5.0

and 5.5, [M/RJ=O.O, and 1000 ~ Teff ~ 2000 K in steps of 100 K. The model spectra were

smoothed to the resolving power of the Land T dwarf spectra using a Gaussian kernel and

resampled onto the wavelength grid of the dwarf spectra.

We have confined our comparison to the K and L bands because the model spectra

do not match the spectra of late-type dwarfs at shorter wavelengths. Figure 5.6 shows

the 0.8-1.8 !tm spectra of 2MASS 0036+1821 (L3.5 V) and a model with T eff=1800 K,

fsed=3, and logg =5.0. An T eff=1800 K was chosen based on the range of Teff given for

2MASS 1506+1321 in Table 5.1. The TiO bands at 1.1 and 1.25 !tm are too strong and the

FeR bands at 0.99 and 1.2 !tm are too weak. The poor match of these band depths may

result from incorrect or incomplete chemistry, incorrect or incomplete opacities, or some

combination thereof (D. Saumon 2003, private communication). Incorporating the new line

lists for the F 4~ - X 4~ system of FeR (Dulick et al. 2003) may improve the situation but

no such line list exists for the newly discovered E 4rr - A 4rr system at 1.6 !tm. In contrast,

1Additional models with different values of the sedimentation efficiency factor fsed were unavailable at
this time (D. Saumon 2003, private communication).
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Figure 5.6 0.8-1.8J.lm spectrum of 2MASS 0036+1821 (L3 V), and a cloud model (green)
with frain=3 and T eff=1800 K.

the opacities of H20 and CH4 in the K and L bands (the primary opacity sources at these

wavelengths) are more complete and provide a better fit to the data.

We have compared by eye the 2.0-4.1 J.lm spectra of 2MASS 1439+1929 (L1.0 V)

0036+1821 (L3.5 V), 2MASS 1507-1627 (L5.0 V), DENIS 0255-4700 (L8.0 V), SDSS

1254-0122 (T2.0 V), and 2MASS 0559-1404 (T5.0 V) to model spectra with effective

temperatures given by the temperatures ranges listed in Table 5.1. We have assumed the

Teff range for DENIS 0225-4700 is equal to the Teff range of 2MASS 08252+2115 (L7.5

V). Figures 5.8-5.12 show the dwarf spectra along with the best fitting synthetic spectra.

Each figure has three panels showing the comparison over three different wavelength ranges,

1.9-4.2 J.lm, 1.9-2.5 J.lm, and 2.9-4.2 J.lm. Note the wavelength at which the spectra are

normalized to unity varies between panels. The effect of cloud opacity on the emergent

spectra is easily seen by comparing the cloudy (fsed=3) and cloud-free (nc) models. The
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CH4 absorption bands at 2.2 and 3.3 /Lm are markedly deeper in the cloud-free models at

all effective temperatures. Without the cloud opacity, the atmosphere becomes both cooler

and more transparent resulting in an increased CH4 column abundance.

The cloudy models fit the spectra of the L dwarfs well. In particular, the K-band spectra

of 2MASS 0036+1821 (L3.5 V) and the cloudy model are nearly indistinguishable. This

is the best fit between a near-infrared spectrum of an L dwarf and a model

obtained to date. The absence of the 2.2 /Lm CH4 band and the weakness of the 3.3

/Lm CH4 band in the spectra of the L dwarfs is the first clear spectroscopic evidence for

the presence of condensate clouds in the atmospheres of BDs. The cloudy model, however,

fails to reproduce the spectrum of the mid-type T dwarf 2MASS 0559-1404. In fact, the

cloud-free model fits the spectrum of 2MASS 0559-1404 (T5.0 V) better than the cloudy

model.

As described in §1.3.4, Burgasser et al. (2002b) have also found that the fsed=3 model,

which implies a gradual sinking of the cloud deck below the photosphere with decreasing

Teff' does not reproduce the rapid transition from the L (cloudy models) to the T dwarfs

(clear models) in the (MJ,J - K) color-magnitude diagram. They developed models which

include the partial clearing of the cloud deck which reproduce the rapid transition to the

blue in J - K. If true, the transition object SDSS 1254-0122 should exhibit features which

are a mix between the cloudy and cloud-free models and indeed, this is the case. Finally,

the best fitting model spectra of DENIS 0255-4700 (L8.0 V) and 2MASS 0559-1404 (T5.0

V) are the cloudy and cloud-free models, respectively, and differ in T eff by only 300 K.

This supports the supposition of Burgasser et al. (2002a) that the plateau in T eff seen at

the LIT transition (see Figure 5.5) is the result of the changing role of cloud opacity rather

than Teff.
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5.5 Summary

In this chapter, we have focused on furthering our understanding of the physical properties

of M, L, and T dwarfs. We used the 0.6-4.1 J.-lm spectra presented in Chapter 3 to determine

the bolometric luminosities of those dwarfs with measured parallaxes. Assuming the HBMM

corresponds to log(Lboz/ L8 ) ::::; -4, the edge of the stellar main sequence occurs at a spectral

type of '"'-'L4 V. The J-, H-, and K-band bolometric corrections of the dwarfs were computed

in the UKIRT, MKO, and 2MASS photometric systems. BC J and BCH show a complex

variation with spectral type and have a large ('"'-'0.1 mag) dispersion at a given spectral type

due to the differences in the bandpasses. In contrast, BCK shows a fairly smooth variation

with spectral type and we have derived polynomial coefficients which the variation of BCK

with spectral type.

Using the derived bolometric luminosities, we also determined a range of possible

effective temperatures for each dwarf assuming an age range of 0.1 to 10.0 Gyr. A tentative

plateau in the spectral type versus Teff relation from a spectral type of L7 to T5 indicates

dramatic spectral morphological changes are occurring over a narrow T ef f range.

Finally, we have compared the 2.0-4.1 J.-lm spectra of a subsample of the L to the cloudy

models of Marley et al. (2002). The models provide an excellent fit to the observed data.

In particular, the spectrum of 2MASS 0036+1821 (L3.5 V) and an 1800 K model with

fsed=3 are nearly indistinguishable. This is the first spectroscopic evidence for the presence

of condensate clouds in the atmospheres of BDs. Additional evidence for the presence of

condensate clouds is the muted J - K colors of the L dwarfs in the (M J ,J - K) color

magnitude diagram (Marley et al. 2002, see also §1.3.4) and the strengthening of pEWs of

the K I lines in the J-band spectra of early- to mid-type T dwarfs (Burgasser et al. 2002a,

see also §3.4.3). In addition, we find the cloud-free model, and not the fsed=3 model, fits the

spectrum of the mid-type T dwarf 2MASS 0559-1404. The spectrum of SDSS 1254-0122

exhibits features which are a mix between the cloudy and cloud-free models which supports

the supposition of Burgasser et al. (2002b) that the cloud layer is being disrupted.
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