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Abstract

Infrared and optical studies of cool low-mass dwarfs are made in order to determine 

their properties. The goal of distinguishing low-mass stars from brown dwarfs is engaged 

by studies on a number of different fronts.

(1) The first infrared spectral sequence of cool dwarfs from GL411 (M2V) to GD165B 

(>M10V) enables derivation of reliable bolometric luminosities down to the hydrogen 

burning limit. The strength of the deep water absorption bands is used as the basis of 

a new reliable method to calculate effective temperatures. We find tha t GD165B is the 

only star in the sample tha t is a good brown dwarf candidate.

(2) Expected tem peratures, metallicities and gravities of cool dwarfs are compared 

to inferences from fitting synthetic to observed spectra at the peak of the energy dis

tribution. A good representation of the overall spectral features is found, although the 

study is limited by (i) the quality of atomic and molecular opacities and (ii) the complex 

behaviour of atomic lines having strengths which increase with decreasing metallicity 

down to around -1.5 dex. The comparisons suggest a similar spread in metallicities to 

tha t anticipated, although for our sample neither kinematic motion nor membership of 

a particular photometric class are, on their own, reliable indicators of metallicity.

(3) A high resolution study of the strongest water vapour absorption band in cool 

dwarfs is compared to predictions from a preliminary ab initio  computation for water 

vapour incorporated into a stellar atmosphere calculation. The comparisons show tha t 

water vapour lines are formed relatively high in the photosphere at pressures about an 

order of magnitude lower than atomic lines. The overestimated pressure broadening of 

water vapour, and probably other molecular lines, is likely to explain much of the past 

discrepancy between observed and theoretical spectral energy distributions.

(4) The discovery is reported of the reddest known brown dwarf candidate. Classi

fication as a star or a brown dwarf depends on the adopted age and the evolutionary 

model used. Its discovery within an infrared field survey places the first lower limit on 

the space density for objects fainter than Mbol =  14 and suggests tha t the luminosity 

function does not fall dramatically into the brown dwarf regime.
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C h ap ter  1

Introduction

Cool dwarf stars comprise 88 of the closest 100 stars, although their physical properties 

are not well understood because of their intrinsic faintness and low tem peratures. In this 

introduction I present why an understanding of their properties and even lower mass 

objects called brown dwarfs are an essential part of a physical theory of the Universe.

The observable Universe is made of different structures which are primarily bound 

together by gravity. They come in a number of shapes, sizes and masses ranging from 

clusters of galaxies with masses of 1048 kg to dust grains less than 10-9 kg. The principal 

source of energy and evolution of observable properties in the Universe comes from stars. 

These form in a range of masses from 1026 to 1029 kg and all have the same driving 

energy. The thermonuclear fusion of hydrogen into helium in their cores provides the 

energy which eventually escapes and can be observed as starlight.

The similar energy source for all stars means they have largely continuous properties 

which depend on their mass. This relationship is known as the main sequence and can 

be visualised by plotting colour against intrinsic brightness. Such a plot is known as 

the Hertzsprung-Russell diagram since it was developed independently by Hertzsprung 

(1911) and Russell (1913). Its use and interpretation is the foundation of stellar astro

physics.

The main sequence on the Hertzsprung-Russell (HR) diagram is just one stage in an

1
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evolutionary cycle. Stars form from a fragment of a gas cloud undergoing gravitational 

collapse. Once the newly formed star has collapsed to sufficient density and pressure, 

thermonuclear fusion converts hydrogen to helium in its core releasing enough energy 

to stop the star collapsing further. The subsequent evolution of the star is a strong 

function of its mass. In stars such as the Sun, once the central source of hydrogen has 

been used up, after about 10 billion years, the core regions collapse over a period of a few 

thousand years. This leads to a large release of energy and the ejection of most of the 

outer regions of the star; this is followed by collapse of the remaining core to a very dense 

object known as a white dwarf. Stars more massive than the Sun have much shorter 

more spectacular histories. The higher tem peratures and pressures in their cores allows 

higher energy fusion process to take place which enable large scale chemical evolution of 

the star including the wholesale processing of core regions from hydrogen and helium to 

heavier elements. Once all the material available for nuclear fusion has been used their 

core regions also collapse. In massive stars the energy released is enormous (as much as 

1053 ergs) and can result in a supernova explosion where most of the star is returned to 

the interstellar medium.

The in-depth understanding of the structure and evolutionary cycle of stars, rep

resented on the HR diagram and briefly outlined above, is one of the major scientific 

achievements of the 20th century. Its development is recorded in the seminal treatises 

of Eddington (1926), Chandrasekhar (1938), Schwarzschild (1958) and Clayton (1968). 

An im portant well-tested consequence of the evolutionary cycle of stars is th a t it leads 

to the chemical evolution of the Universe. This occurs because processed stellar m atter 

is returned to the interstellar medium and eventually to gas clouds which then coalesce 

and form into future generations of stars. This scenario yields a consistent basis which 

explains the appearance of different mass stars at different ages and provides for the 

observed large scale chemical and colour evolution of galaxies.

The main sequence lifetimes of stars with masses less than the Sun are significantly 

longer than the age of the Universe and so have not contributed to the evolutionary 

cycle. However the star formation process is expected to produce objects at least down 

to masses of 0.01 solar masses (M0 ) (Boss 1986, 1989). The objects between about 0.65 

and 0.08 MQ undergo hydrogen fusion and are known as M dwarf stars. Below around
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0.08 M0 , objects are not expected to undergo hydrogen fusion and so will not reach the 

main sequence; if they are more massive than Jupiter (0.0095 M0 ) they are known as 

brown dwarfs (for discussion of the nomenclature see Tarter 1986 and Henry 1990).

Over the last 40 years numerous surveys have derived the low-mass stellar mass 

function. Critical reviews of the various survey techniques and the regions to which 

they have been applied are presented in Bessell k  Stringfellow (1993) and Burrows k  

Liebert (1993). These surveys have discovered many thousands of new M dwarfs of which 

more than 50 have been claimed as brown dwarfs. However, improvements in detector 

technology and in evolutionary modelling have meant tha t with hindsight many of the 

claims have turned out to be an optimistic interpretation of the available data  (e.g. Table

1.1 in Henry 1990).

Although no brown dwarfs have yet been definitively identified, there is a large body 

of evidence tha t only a small fraction of the mass of the Universe is in visible form (e.g. 

Carr 1994). This has become known as the dark m atter problem and there are several 

reasons why brown dwarfs in particular are a very plausible solution. Firstly, Hawkins 

(1995) indicates tha t the stellar mass function is rising into the brown dwarf regime. 

Secondly, there may be direct evidence from cluster cooling flows tha t low-mass objects 

are formed with high efficiency even at the present epoch (reviewed by Fabian 1994). 

Thirdly, microlensing data from massive compact halo objects (known as MACHOS, e.g. 

Alcock et al. 1993, Aubourg et al. 1993) and quasar variability (Hawkins 1993) may 

already indicate tha t there is dark m atter in the form of brown dwarfs.

Despite the identification of brown dwarf candidates the lack of understanding of 

M dwarfs has meant tha t it has not been possible to unambiguously distinguish these 

candidates from cool M dwarfs. Even M dwarfs are so intrinsically cool and faint that 

despite their dominance in the solar neighbourhood it has always been very difficult 

to observe them. Furthermore their energy distributions are complex to interpret and 

understanding of them has been hampered by a lack of model predictions resembling 

observation (e.g. Persson, Aaronson k  Frogel 1977, Reid k  Gilmore 1984, Ruan 1991, 

Tinney, Mould k  Reid 1993, Brett 1995). Unlike hotter stars their atmospheres are 

dominated by a variety of species of molecules, many with billions of line transitions
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modulating their energy output. Despite the formidable problems, the evolution of 

computing power over the last few years has enabled major improvements in low-mass 

star models, these are critically reviewed for (i) model atmosphere calculations by Ruan

(1991) and (ii) evolutionary model calculations by Burrows k  Liebert (1993). My thesis 

uses the new generation of models and the boom in infrared technology (charted by 

meetings of The Society of Photo-Optical Instrum entation Engineers, e.g. Crawford k  

Craine 1994) to determine the properties of M dwarfs and brown dwarf candidates.

The M dwarf properties of mass, luminosity, metallicity and tem perature are poorly 

determined (e.g. review by Bessell k  Stringfellow 1993). In order to derive an accurate 

mass functions for low-mass objects and to distinguish M dwarfs from brown dwarfs it 

is necessary to know the relationships between mass, luminosity, metallicity and tem 

perature. In this thesis, I have primarily considered the la tter three param eters since 

the direct determination of masses requires a long term  program to monitor the orbits 

of dwarfs in close binary systems. Such programs have been carefully carried out over 

many years principally by Heintz (e.g. 1994) and Henry k  M cCarthy (e.g. 1993). I 

frequently make use of the masses which they have derived. The interpretation of the 

observations made for this thesis has largely been possible due to the work of groups 

modelling M dwarfs. Principal among these has been the synthetic spectra generated 

by Allard k  Hauschildt (e.g. 1995) with whom I have worked closely. Also of great 

importance has been the evolutionary models for M dwarfs computed by Burrows et al. 

(1993), D’Antona k  Mazzitelli (1994) and Nelson, Rappaport k  Joss (1993). The main 

source of opacity stopping energy being released from M dwarf atmospheres is water 

vapour whose opacity at high temperatures is poorly known. I have collaborated with 

Fernley, Miller k  Tennyson (1991) who have made extensive ab initio  calculations for 

water vapour transitions to remedy this situation.

Thus over the last three years I have been fortunate to work on a number of exciting 

projects to understand low-mass stars. The research submitted for this thesis makes up 

chapters 2-5. Each of these has been prepared with the goal of publishing it as a separate 

paper. Chapter 2 appeared in MNRAS, 267, 413 with A.J. Longmore, R.F. Jameson 

and C.M Mountain as co-authors. Chapter 5 appeared in MNRAS, 270, L47 with L. 

Miller and K. Glazebrook as co-authors. Chapter 4 has been accepted by MNRAS with
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A.J. Longmore, F. Allard, P.H. Hauschildt, S. Miller and J. Tennyson as co-authors. I 

also intend to submit Chapter 3 to MNRAS. Chapter 2 forms the basis for the other 

research work, where spectra across the peak of their energy output from 1 to 2.5 pm  

for a broad sample of low-mass objects were obtained and analysed to define accurate 

effective temperature and luminosities. These observations also enabled the im portant 

spectral features to be identified and provided vital feedback for the modelling of M 

dwarfs. This work suggested a region from 1.16 to 1.22 pm,  particularly rich in spectral 

absorption features sensitive to M dwarf param eters, to be worthy of higher resolution 

observations and detailed spectral modelling. Chapter 3 presents these comparisons to 

determine M dwarf properties.

The low-resolution spectra presented in Chapter 2 show M dwarfs to be dominated 

by water vapour absorption bands but M dwarf models have great difficulty in modelling 

these bands. The reason for this was suspected to be the poor resolution and quality 

of the water opacities available for the model atmospheres (e.g. Tinney et al. 1993) 

and spurred the calculation of ab initio  water transitions in the regimes of tem perature 

relevant for M dwarfs (Miller et al. 1994). Spectra of a subset of the objects studied 

in Chapter 2 were taken in a region of strong water absorption in order to test the 

usefulness of the ab initio  calculations and to understand the formation of water vapour 

in M dwarf atmospheres. The results of this analysis are presented in Chapter 4.

Despite their large number density relatively few late-type M dwarfs and brown dwarf 

candidates have yet been discovered. Their low luminosities and tem peratures means 

tha t even within 8 pc there is strong evidence tha t ~  30 per cent (Henry, Kirkpatrick 

& Simons 1994) have yet to be discovered. The recent and continuing increase in the 

sensitivities and the number of pixels of infrared detector arrays means tha t infrared 

surveys are the most sensitive method to detect them. Chapter 5 presents the discovery of 

the reddest brown dwarf candidate in the infrared K-band and uses it to put a constraint 

on the luminosity function into the brown dwarf regime.

Combining experience and results from all these areas, it is possible to identify the 

most promising areas for future observation and theoretical research needed to continue 

the significant progress of the last three years. For example, the interpretation of new
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brown dwarf candidates found from digitally stacking photographic plates (Hawkins 

1995) within a new generation of the model atmosphere code from Allard Sz Hauschildt 

(1995, in preparation) is underway. Although these new objects are very cool and faint 

( Jones & Hawkins 1995a,b and Chapter 6.1.1) preliminary interpretation indicates tha t 

their temperatures are not significantly below 2000 K. The discovery and interpretation 

of 1000 K objects will probably have to wait a year or so until a significant fraction of the 

large-area infrared survey projects being carried out by the deep near infrared survey of 

the southern sky (known as DENIS, Epchtein 1993) and the infrared space observatory 

(known as ISO, Kessler, Metcalfe & Salama 1992) have been completed. These projects 

together with other areas for future work and the relevance of this thesis are discussed 

in Chapter 6.
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An infrared spectral sequence for 

M dwarfs

The first infrared spectral sequence for M dwarfs is presented.

• This sequence shows the progressive importance of water absorption in the atm o

spheres of M dwarfs. The strength of the water absorption bands is used as the basis of a 

new method to derive a tem perature from which effective tem peratures, masses and radii 

are calculated. This scale is consistent with recent evolutionary model calculations but 

not with previous empirical tem perature scales which do not account for the importance 

of water absorption.

• GD165B has an effective temperature of 1860±160 K and it is the only star in the 

sample which might be classified as a brown dwarf but to decide its true nature a more 

accurate parallax and a representative model atmosphere will be necessary.

• The most im portant atomic and molecular features from 1-2.5 /im in M dwarfs are 

identified and theirs strengths correlated with effective temperature. Molecular absorp

tion bands strengths are found to be the most reliable indicators of effective tem perature.

• Together with spectra from Kirkpatrick et al. at shorter wavelengths, bolometric 

luminosities are found down to the hydrogen burning limit.

7
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2.1 In tr o d u c tio n

M dwarfs are the most common stars in our stellar neighbourhood yet are also amongst 

the least understood, largely due to their intrinsic faintness. Over the last decade, 

numerous surveys have been made in an attem pt to derive the space density of stars at 

the bottom  of the main sequence. Such studies have been motivated by the desire to find 

substellar objects (brown dwarfs) and to understand the space density of such objects by 

extrapolating the mass function for objects above the hydrogen-burning limit to masses 

below. While the numbers of known faint M dwarfs and candidate brown dwarfs have 

increased dramatically, our understanding of their fundamental properties has not. In 

particular, the scales used to convert the optical or infrared colours into bolometric 

luminosities and effective tem perature (and by extension into estimates of mass) are 

poorly defined. The interpretation has relied on (i) the assumption tha t the observed 

colours are monotonic in their effective tem perature and (ii) a bolometric luminosity 

determined from spectrophotometry and from extrapolation of a blackbody curve into 

unmeasured parts of the s ta r’s energy distribution. Between 1 and 5 /im, however, where 

a 2500 K star emits 80 per cent of its flux, there are four strong water absorption bands, 

and thus spectra of cool dwarf stars do not resemble the blackbody curves which are 

shown by hotter stars across the infrared.

This deviation from a blackbody curve has implications for the measurement both 

of colour and of bolometric luminosity. The early tem perature determinations (e.g. 

Veeder 1974) were achieved by fitting a blackbody to the observed broad-band colours 

of each star, assuming short wavelengths to have a certain amount of blocking and 

requiring the to tal flux under the blackbody curve and the bolometric luminosity to be 

equal. This technique was extended in later determinations where it was assumed tha t 

no significant backwarming occurs at 2.2 pm,  and so the flux at tha t wavelength was 

adopted as a measure of the continuum emission from a blackbody with a tem perature 

the same as the s ta r’s effective tem perature (e.g. Berriman & Reid 1987). Hence the 

tem perature for each star was determined from the blackbody curve having (i) flux equal 

to the observed flux at 2.2 pm, and (ii) the same bolometric luminosity. Such methods 

(Greenstein, Neugebauer & Becklin 1970; Veeder 1974; Peterson 1980; Reid & Gilmore



Chapter 2: An infrared spectral sequence for M  dwarfs 9

1984; Berriman k  Reid 1987; Berriman, Reid k  Leggett 1992; Tinney, Mould k  Reid 

1993) indicate a Hertzsprung-Russell (HR) diagram offset by some 400 K from current 

theoretical predictions. This is accepted to be an offset in tem perature rather than in 

luminosity in that many of the stars in the above studies have parallaxes measured to 

better than 1 per cent and so the errors associated with the measurement of luminosity 

tend to be considerably smaller than those of tem perature. This is supported by the large 

scatter in determinations of tem perature but not in the determinations of luminosity 

found by the various investigators.

In order to construct accurate luminosity and mass functions for these stars, it will 

be necessary to understand how their spectra behave with tem perature, metallicity and 

gravity (see Chapter 3). For this work spectra have been taken from 1 to 2.5 pm for a 

sample of M dwarfs and brown dwarf candidates with similar metallicity but a range of 

temperature. The observations and data reduction are presented in Sections 2.2 and 2.3, 

a derivation of effective temperatures of low-mass stars in Section 2.4, an HR diagram in 

Section 2.5 and a discussion of trends shown by the strong atomic and molecular features 

in Section 2.6. The conclusions are highlighted in Section 2.7.

2.2 O b serv a tio n s

The brown dwarf candidate, GD165B and a range of M dwarfs: LHS2924, VB10, GL406, 

GL699 and GL411 were observed. GD165B, discovered by Becklin k  Zuckerman (1988), 

was chosen because its photometric colours make it the best brown dwarf candidate yet 

discovered by the numerous surveys for low mass stars conducted over the last 40 years. 

The others were chosen because they have been the subject of previous studies of M 

dwarfs (Veeder 1974; Mould 1978; Berriman k  Reid 1987; Arnaud, Gilmore k  Collier 

Cameron 1989; Bessell 1991; Berriman, Reid k  Leggett 1992; Leggett 1992; Kirkpatrick 

et al. 1993a; Tinney et al. 1993) and because they form a sample whose space motions 

and colours indicate approximately the same age and metallicity (Table 2.1).

Observations were made with the Cooled Grating Spectrometer 4 (CGS4, Mountain 

et al. 1990) on the UK Infrared Telescope on M auna Kea, Hawaii. The observations
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were made with a 58 x 62 InSb array which was moved in the focal plane in order to 

over-sample the spectrum. Sky subtraction was performed by nodding the telescope 

approximately 30 arcsec up and down the slit, ensuring tha t during alternate ‘object’ 

and ‘sky’ observations the star remained on the detector. There were two observing runs, 

on 1991 June 20 and 1992 May 6-8.

The 75 line mm-1 grating was used in six different configurations in order to cover the 

wavelength of 1-2.5 ^m with some overlap between each spectral segment. The coverage 

and resolution of the grating positions used are shown in Table 2.2. The combined 

spectra from 1 to 2.5 pm  for all the objects are shown in Fig. 2.1, and their photometric 

colours in Table 2.1. For the fainter objects, GD165B, LHS2924 and VB10, integration 

times at each grating position were 20-35 min; for the brighter objects, GL411, GL699 

and GL406, they were about 5 min. In this work far-red spectra for all of the stars other 

than GD165B were also used. These spectra were taken on the Multiple Mirror Telescope 

(MMT), K itt Peak, Arizona, and kindly made available to us by Douglas Kelly and Davy 

Kirkpatrick. The full data set and reduction procedures are described by Kirkpatrick, 

Henry & M cCarthy (1991) and Kirkpatrick et al. (1993a).

2 .2 .1  S ta n d a rd s

Stars in the spectral type ranges F6-G0 and AO-5 were used to remove from the obser

vations the effects of atmospheric absorption. Except for Paschen and Brackett series 

hydrogen lines and very weak CO bands in the G dwarfs, these standards are thought 

to be featureless at the spectral resolution used and to be well described by a Rayleigh- 

Jeans tail. All observations were made in excellent conditions (typically around 1 arcsec 

seeing) and the airmass difference between object and standard never exceeded 0.05. 

Thus the spectra have excellent cancellation of atmospheric features.

2 .2 .2  W a v e len g th  C a lib ra tio n

The 1992 May observations were calibrated using a combination of lines from krypton 

and argon arc lamps. The 1991 June observations (VB10) were taken without arc lines
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Table 2.2: Grating positions used to obtain the spectral sequence. The central wavelength 

positions used was Acen, all wavelengths are given in pm.

A c e n A Range A/AA at A c e n Date Objects

1.04 0.95-1.14 349 920505-7 all

1.22 1.12-1.33 374 » all except VB10

1.40 1.29-1.51 429 5) 55

1.67 1.46-1.88 255 55 55

2.03 1.82-2.24 310 55 55

2.31 2.19-2.61 367 55 55

1.10 1.10-1.20 305 910620 VB10

1.30 1.20-1.40 398 » 55

1.50 1.40-1.60 460 55 55

1.75 1.56-1.95 268 55 55

2.04 1.84-2.24 312 55 55

2.20 2.00-2.40 337 55 55

and so use was made of the OH lines in the J and H windows (as described by Ramsay, 

Mountain & Geballe 1992) and the hydrogen recombination lines in the standards. VB10 

was calibrated using OH lines and is accurate to 0.3AA pm,  where AA is the instrum ental 

resolution; the other spectra were calibrated with lines from the CGS4 arc lamps and 

are typically accurate to 0.1 A A jum.

2.3 D a ta  R e d u c tio n

In the reduction of CGS4 data, the off-line CGS4 data reduction system was used (de

scribed in detail by Puxley, Ramsay & Beard 1992) together with the library of routines 

contained in the software packages FIGARO and SPECDRE supplied by STARLINK. Iden

tifiable Paschen and Brackett series absorption lines were interpolated across, before 

using the spectra of standard stars to correct for the effects of terrestrial absorption in 

the target objects. The target object spectra were then divided by the standard star
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Figure 2.1: A spectral sequence for M dwarfs. Tlie various spectra have been normalized and then 

shifted vertically in steps of 0.5 for the purpose of display. The increasingly humped appearance of 

the spectra with decreasing spectral type (down the page) results from the increasing importance 

of water absorption.
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spectra and multiplied by a blackbody spectrum for the tem perature (from Popper 1980) 

appropriate to the spectral type of tha t standard star. In addition to the deep, broad 

water absorption bands the resolution of each spectrum is sufficient to show a number 

of other prominent molecular and atomic features.

Once reduced, the overlapping spectral regions were joined together into J, H and K 

spectral regions. In the regions of overlap, the spectral features and continuum shape are 

well reproduced but the flux levels between different spectral regions differ by 5-20 per 

cent. Such differences probably arise from wind shake which causes the target to move 

out of the narrow slit (3 arcsec) during an observation. The overlapping spectral regions 

were combined by adjusting the flux levels of each of the spectral J, H and K bands so 

that the combined spectra reproduced the observed photometric colours. The California 

Institute of Technology (CIT) filter profiles and atmospheric transmission profiles (for

1.5 mm of precipitable water vapour at 5000 m) were used to ensure tha t the photometric 

J  — H , H  — K  colours derived from the spectra agreed with the values given in Table 1.

2.4  A  te m p e r a tu r e  sca le  for M  dw arfs

In order for the methods of temperature determination discussed in Section 2.1 to be 

successful it is necessary to appeal to a representative model atmosphere, which for M 

dwarfs has frequently been tha t of a blackbody.

2 .4 .1  U se  o f  m o d e l a tm o sp h e r e s

Allard (1990) and Ruan (1991) have recently computed model atmospheres for M dwarfs. 

As yet, however, the models are not in good agreement with infrared observations (e.g. 

Graham et al. 1992; Kirkpatrick et al. 1993a; Tinney et al. 1993). In particular, there 

are considerable problems in modelling the 0.65-1.1 pm  regions of the spectra and in the 

treatm ent of the dominant absorber in the infrared -  water vapour. In the 0.65-1.1 pm  

region, the models used by Kirkpatrick et al. (1993a) did not include FeH which produces 

a deep band at 0.99 pm, and were unable properly to include bands due to TiO e and VO 

(C-X) for which laboratory oscillator strengths have not been measured. While there
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are gross discrepancies in the 0.6-1.1 pm  region, which is near the blackbody peak for 

many of these spectra, it is problematic to make useful comparisons with the models in 

the infrared. In their papers, Graham et al. and Tinney et al. illustrated the problems 

and discussed the drawbacks of the models, in particular the use of the “just overlapping 

line approximation” (e.g. Tsuji 1994) for water vapour absorption, which gives a mean 

absorption coefficient for 72 spectral meshes between 0.27 and 30 pm. New derivations 

of the molecular band strengths (Allard & Ilauschildt 1995) together with a detailed 

cib initio  treatm ent of the water band (Miller et al. 1994; Allard et al. 1994) allow 

models and observations to be more reasonably compared (Chapters 3 and 4). However 

since the ab initio  calculations for water vapour are known to be incomplete shortward 

of 1.8 pm  (Allard et al. 1994) and the laboratory data for water absorption coefficient 

versus wavelength (Fig. 2.2 based on Ludwig 1971) have a very similar shape to the M 

dwarf spectra, I use these absorption coefficients to derive effective temperatures for the 

sample.

2 .4 .2  D e r iv a tio n  o f  e ffe c tiv e  te m p e r a tu r e

At wavelengths longer than 1.34 pm, water vapour is the dominant opacity. Allard’s 

models confirm th a t it dominates over its nearest rival, H~, between 1 and 2.5 pm. 

The oscillatory nature of the water vapour opacity allows us to choose a number of 

wavelengths at which the optical depths will be equal at a given tem perature, say 2500 

K. It can be seen from Fig. 2.2 tha t at 2000 and 3000 K the opacities at these wavelengths 

are different from but still close to those at 2500 K. Stellar atmosphere theory tells us 

tha t a blackbody can be fit through points of constant optical depth; such a fit generates 

a tem perature T.  Having found T  we can select slightly better wavelengths tha t have 

exactly equal opacities at this temperature. This can be done by interpolation between 

the water absorption coefficients. This procedure can be iterated until convergence is 

found. In order to get the most reliable fits, for GD165B and LHS2924 it was necessary 

to smooth the spectra through the water bands to the same resolution as the laboratory 

data. In regions where water opacity is clearly not the dominant opacity at a chosen 

wavelength point, in particular for the CO bands at 2.29-2.51 pm, it was necessary to 

interpolate across the feature. The final value of T  is not the effective tem perature, Teflf.
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Figure ‘2.2: Absorption coefficient versus wavelength for water vapour a t  1500, 2000, 2500 and 

3000 K from Ludwig (1971). Wavelengths th a t  are chosen have exactly equal opacity a t  2500 K, 

but have slightly different values a t  2000 and 3000 K. Crosses denote high-opacity points; circles 

denote low-opacity points.

However, T  does allow ns to calculate (R / d )2 from the equation

f \  = R 2Fx ( T ) d \ (2 .1)

where f x is the measured flux at one of the wavelengths, R  the effective radius, d the 

distance of the object and FX(T ) the Planck function. The effective tem perature Tefr can 

now be found from the bolometric flux, Tbol, using

oTin  = (d /R )2Fh oi, (2.2)

where o is the Stefan-Boltzmann constant. The radius can be assumed to be constant as 

the photospheres of these high gravity dwarf stars are extremely thin (e.g. Allard 1990). 

No evidence is found for a difference in the radii derived from blackbody fits for levels 

of different opacity, and so consider this to be a valid assumption.
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Figure 2.3: GL406 shown with the high-opacity (2660 K) and the low-opacity (2756 K) best- 

fitting blackbodies. The  derived effective tem perature  would lie virtually on top of the high 

opacity fit. The  worst-fitting point for GL406 and the other objects is the longest wavelength 

one, which falls in a regime where CO absorption dominates over water vapour absorption. This 

was corrected for by linear interpolation over the CO absorption bands.

Except for GD165B, the bolometric flux was determined by combining the photom

etry presented in Table 2.1, the 0.65-1.45 pm  spectra from Kirkpatrick et al. (1991, 

1993a) and the infrared spectra presented in Fig. 2.1 and beyond 2.5 pm  with spectra 

from Berriman & Reid (1987) and synthetic spectra from Allard (1993, private commu

nication). For GD165B Allard’s models were also used for wavelengths shortward of 1.1 

pm.

Hence effective temperatures were derived for the sample by determining / A, FX(T) 

and Fhol. The validity of the method was checked by repeating the fitting sequence 

for different levels of opacity. Use of wavelength points corresponding to lower water 

opacity led to slightly higher values for T  and a larger f x . For example, for the star 

GL406 shown in Fig. 2.3, using high-opacity points (0.0262 cm-1 a tm “ 1) a constant 

opacity tem perature of 2660 K is found, which gives an effective tem perature of 2671 K;
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using a set of low-opacity points (0.01405 cm-1 a tm -1 ) the constant opacity tem perature 

is 2756 K and the effective tem perature is 2667 K. Higher tem peratures for all the objects 

were derived using the points of lower opacity, because the blackbody is then fitted to a 

region slightly deeper (and hotter) in the photosphere. The quality of such blackbody 

fits tended to be poorer than tha t obtained when using high opacity points. The derived 

effective tem peratures were in all cases within 160 K of one another. Our final adopted 

values for effective tem perature were found by weighting the Tefr derived from the high 

opacity by 2/3 and those derived from the low opacity by 1/3. The high opacity points 

were favoured because (i) they gave the lower fitting errors, (ii) they are less affected by 

other sources of opacity and (iii) they allow a longer wavelength baseline.

Our derived values for ■̂ eff ’ ikfboi and R  are given in Table 2.3. In Fig. 2.4 the 

derived values of effective tem perature and bolometric luminosity are compared with 

those derived by previous authors. The derived bolometric luminosities are similar to 

those found by other investigators. The effective temperatures, however, are considerably 

hotter than those derived by Veeder (1974), Berriman & Reid (1987) and Tinney et al. 

(1993), but cooler than those derived by Kirkpatrick et al. (1993a). In Fig. 2.3 the 

blackbody corresponding to lies virtually on top of the high opacity curve which 

passes about mid-way between the spectral peaks and troughs. The method of Berriman 

& Reid (1987) is to solve the equation

C72.2//boi = F2,2 ( T ^ / a T t n ,  (2.3)

where f 2 2 and / bol are the measured quantities with the assumption tha t the constant, 

C = 1. However, in Fig. 2.3, C < 1 and so 2.2 pm  is not a point of continuum for such 

cool stars. This possibility was discussed by Berriman & Reid (and by Tinney et al., who 

chose a reference wavelength of 3.82 pm). The lower values of r eff found by Berriman 

& Reid can be explained in terms of C as follows. 2.2 ¿im is close to the wavelength 

of maximum intensity of the Planck curve at 2000 K, so tha t Fx(Te) oc Te3ff. Therefore, 

for an observed value of / 2.2 //bol> Tefi cc C ~ l and so finding tha t C  < 1 leads to the 

derivation of systematically higher temperatures than did these investigators. The stars’ 

rank order in tem perature will probably be unaffected by the value of C .
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Table 2.3: Fundamental parameters derived for observed stars. In our derivation of bolometric 

luminosity, effective wavelengths and flux densities are assumed for a zero-magnitude star as 

given by Berriman et al. (1992) for U, B and R bands, by Tokunga (1987) for V, I, J, H, K, L 

and L’ and by Berriman & Reid (1987) for the M and IRAS bands. The values of g and R are 

calculated assuming Mboi = 4.75 and Tefr = 5770K for the Sun (Allen 1973).

Object Radius (R0 ) Mass (M0 ) Gravity (gQ) M hol r eff(

GL411 0.430 0.43 2.33 8.79 3471

GL699 0.208 0.17 3.91 10.86 3095

GL406 0.149 0.10 4.50 12.23 2670

VB10 0.103 0.085 7.96 13.30 2506

LHS2924 0.095 0.081 8.97 14.01 2219

GD165B 0.089 0.078 9.68 14.91 1856

Kirkpatrick et al. determined temperatures by comparisons with Allard’s (1990) 

model atmospheres, which show reasonable agreement with observations from 1.1 to 1.35 

pm. However, it is difficult to trust these higher temperatures whilst the fit through the 

0.65-1.1 pm  and 1.35-2.5 pm  regions has been shown to be poor. If water vapour is 

indeed the dominant source of opacity then the method should be reliable. Nevertheless, 

the major problem with the models has been with the strength of the water vapour 

bands (e.g., Ruan 1991, ch. 3.4). This is discussed at length in Chapter 4.

2.5  L o ca tio n  on  th e o r e t ic a l H R  d iagram

In Fig. 2.4 the sample luminosities and effective temperatures are plotted against various 

evolutionary models: (i) the model from D’Antona & Mazzitelli (1985), which has become 

the benchmark for evolutionary models of low mass stars, (ii) the extremal models by 

Burrows, Hubbard & Lunine (1989), and (iii) the standard model X adopted by Burrows 

et al. (1993). Using the Burrows et al. model X masses have been derived for the objects 

in the sample (Table 2.3).
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Log (Te)

Figure 2.4: Derivation of mass using theoretical tem perature  versus luminosity for different 

models. The dashed lines represent the two extremes of the models presented by Burrows et 

al. (1989) a t  10 Gyr. Each of the model points is marked with a small solid dot, and some 

equal-mass lines are shown as dotted lines connecting the corresponding points from models D 

(high opacity, low helium abundance) and E (low opacity, high helium abundance). The  value 

of the mass is given to the left of the model E isochrone; below 0.09 Mq these models are 

incremented in steps of 0.02 M q . The thick solid lines are the s tandard  models a t 0.6 and 10 

Gyr (the younger one is the slightly higher of the two) due to Burrows et al. (1993). T he  thin 

solid line is due to D ’A ntona & Mazzitelli (1985), and is for 1 Gyr. All models are for solar 

abundances. Previous determinations of the effective tem perature  and bolometric luminosity for 

this sample of low mass stars are plotted as open squares (Veeder 1974) open circles (Berriman 

& Reid 1987), open triangles (Kirkpatrick et al. 1993a), filled circles (Tinney et al. 1993), filled 

triangles (Kirkpatrick et al. 1993b) and stars (this work).
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Leggett (1992) classifies all the stars in the sample, apart from GD165B, as old disc 

stars. In Fig. 2.4 it can be seen tha t for masses above 0.09 M0 the evolutionary tracks for 

stars between 0.6 and 10 Gyr are almost indistinguishable. This means tha t for all of the 

sample, apart from LHS2924 and GD165B, masses can be assigned with some confidence. 

Below 0.09 M0 , however, the mass of an object with a given effective tem perature and 

luminosity cannot be determined reliably without first assigning an age. For example, 

the standard model by Burrows et al. (1993) predicts tha t an object at about 2090 K 

and L /L q = 1.5 x 10~4 will have a mass of 0.065 Mg if it is 0.6 Gyr old whereas if it 

is 10 Gyr old then its mass will be 0.080 M0 . Since LHS2924 is classified as an old disc 

star the 10 Gyr model track was adopted to derive its mass. For GD165B the situation 

is more ambiguous. Leggett’s (1992) assignments of age/metallicity were based on space 

motions which have not yet been measured for GD165B. However, it does have a well 

studied companion, the cool ZZ Ceti white dwarf GD165A which had a progenitor in the 

mass range 1.5-6 M0 . This places only a loose constraint on evolution, plus cooling time- 

scales of greater than 0.5 Gyr. Conservative limits on the mass of GD165B can be placed 

by using models at 0.6 and 10 Gyr, tha t is, between 0.067 and 0.078 M0 . Burrows et al. 

(1993) find tha t the main sequence ends at 0.0767 M0 for solar metallicity objects and 

at 0.094 M0 for zero-metallicity objects, so GD165B is a good brown dwarf candidate. 

To decide its true nature, a more accurate parallax (better than the current 12 per cent) 

and an accurate model atmosphere will probably be necessary.

2.6  S p e c tra l F ea tu res

The spectra are dominated by deep broad absorption bands of H20 , but have many 

other strong features, both molecular and atomic. The spectral identifications shown 

for VB10 in Fig. 2.5 come from M giants (Cliauville et al. 1970), a  Orionis (Vieira 

1985) and an infrared solar line list by Hall (1980). Other im portant sources were 

Kirkpatrick et al. (1993a), Allard (1990), Ruan (1991), Davidge k  Boeshaar (1991,

1993), Allen (1973), Spinrad k  Wing (1969), Merrill k  Ridgway (1979) and Kleinmann 

k  Hall (1986). In Table 2.4, the absorption lines for which there are firm identifications 

and which are observable in all the objects are given with the equivalent widths measured
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W avelength  in m ic ro n s  

Figure 2.5: Spectral identifications for VB10.

using ABLINE (Robertson 1986). For each feature, a quality index is assigned to indicate 

the estimated measurement errors: x (~5 per cent), y (~25 per cent) and z (~50 per

cent) for the brighter stars in the sample, and 40 per cent, 60 per cent and 80 per

cent respectively for GD165B because of its considerably poorer signal-to-noise ratio. 

It should be noted tha t in absolute terms these widths are very tricky to determine, 

since all of the features measured are superposed at some level on molecular bands and 

in many cases also blended with other atomic lines. By using the same procedure for 

each line in different objects, we trust that these widths should at least be internally 

consistent. All continuum fits were based on fitting a low- order polynomial to the level 

immediately adjacent to the feature rather than trying to measure the equivalent widths 

of features by estimating an overall continuum level. Overlapping atomic doublets and 

triplets were in a number of cases measured as single equivalent widths, rather than 

attem pting to measure a number of blended lines. In Fig. '2.5 the equivalent widths 

are plotted against the values for effective temperature. A number of prominent spectral 

features have equivalent widths that are apparently very strongly correlated with effective 

temperature.
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Figure 2.6: Equivalent width (in run) versus effective tem perature  (in K) for infrared features 

th a t  appear in each of the sample.
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Table '2.4: Equivalent widths for the m ajor infrared absorption features observed in M stars.

Species I  (pm) Equivalent widths in nm Quality

GL411* GL699 GL406* VB10 LHS2924 GD165B

FcH 0.99 0 3 0 5 0.714 1.66 2.51 _ X

Nal 1.1404,1.1381 0.299 0.468 1.37 1.49 2.26 2.40 y

KI 1.1690 0 .0299 0.102 0.153 0.575 0.556 1.36 X

KJ 1.1777, 1.1773 0 .0559 0.157 0 3 2 1 0.664 0.902 1.33 X

VO 1.20 0.0714 0.139 0.449 0.808 1.37 2 .46 y

KI 1.2432 0.0468 0.179 0.574 0.995 1.22 2.35 X

KI 1.2522 0.111 0.133 0 3 5 3 0.656 0.790 1.81 X

CaJ 1.3135 0.149 0.205 0.146 0.176 0.149 0.325 y

KI 1.5167, 1.5172 0.151 0.0896 0.211 0.261 0.459 1.28 z

AJ 1.6755, 1.6768 0.139 0.0932 0.00153 0.0784 0.176 0.829 z

Cal 1.9272 0.284 0.320 0.192 0.403 0.141 1.46 y

Cal 1.95 0.340 0.281 0.514 0.504 0.505 1.62 y

Cal 1.987,1 .992 0.741 0.771 1.01 0.919 0.850 0.992 z

Nal 2.2062 , 2.2090 0.187 0.229 0.697 0.471 0.427 0.910 X

Spectral indices

H2O bandhead at 1.34 1.12 1.13 1.21 1.39 1.47 1.85 X

(1.286-1.303)/(l .338-1.356)

CO bandhead at 2 .294 1.07 1.06 1.12 1.20 1.18 1.27 X

(2.22-2.28)/(2.30-2.36)

2.05-2 .15  gradient 1.02 1.05 1.19 1.23 1.33 1.75 X

‘ Data in italics arc equivalent widths measured from Kirkpatrick et al. (1993) datasel.
The Quality measure in the final column assigns an error bar to the measurement o f each feature, x < 20%, y < 40% and 
z <  50%.

Within the uncertainties of poorly defined metallicity, the I  -  I( colour is a reliable 

indicator of effective temperature. This result should be useful, as it allows good esti

mates of effective temperatures to be made from I  — Ii colour alone without the need for 

higher spectral resolution. Within the same caveat for metallicity, a number of features 

at higher resolution scale with temperature: at low spectral resolution, the II20  band- 

head at 1.34 /.mi, the '2.05-2.15 /.im gradient and the CO bandhead at. 2.'29 pm; at higher 

spectral resolution, K with two strong doublets in the J window, Fell at 0.99 /mi and 

VO at 1.2 pm. Particular care is needed when using features tha t occur in between the 

atmospheric windows. For example there are a number of strong Ca lines around 1.95
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pm  for which it is especially difficult to deduce a reliable continuum. In addition, there 

are a number of features tha t are strongly blended with other species -  in particular, the 

FeH band at 1.20 pm  is probably blended with VO, Fe and Ti.

The interpretation of atomic equivalent widths in cool stars is considerably more 

complex than in hotter stars because below 4000 K, hydrogen is neutral and easily ion

ized metal elements, such as Na, Ca and K, are the major contributors of free electrons. 

Because the metallic elements are partly ionized, the number densities of the atomic 

metallic species are determined not only by the elemental abundance but also by the 

ionization state of the stellar atmosphere, so tha t, even for an accurate [Z/H], the un

certainty in ionic abundances will be significant. Moreover, some metallic elements are 

involved in the formation of molecules, and the number densities of the atomic species are 

not therefore directly proportional to the abundances of the elements. Whereas in hotter 

stars the equivalent widths of “weak” (<0.6 nm) metallic lines are insensitive to small 

changes in number density, in cooler stars such changes will affect the atmospheric struc

ture and with it the measured equivalent width. Ruan (1991) shows tha t the separation 

between curves of growth calculated with slightly different values of [Z/H] dramatically 

increases as the tem perature falls. Furthermore, it can be seen from Table 2.4 tha t our 

sample of stars covers a range of g/g@, where g is surface gravity, which increases with 

decreasing tem perature. It is to be expected tha t many of the spectral features will 

also have some gravity dependence. Until the detailed dependences of tem perature, ele

mental abundance and gravity on the derived equivalent width using accurate synthetic 

spectra have been examined the interpretation of the trends apparent from Fig. 2.5 in 

terms of tem perature only must be treated with caution. In Chapter 3 these issues are 

investigated for the 1.16-1.23 pm  region.

2 .7  C o n c lu sio n s

A new set of effective temperatures for M dwarf stars has been derived by using the 

dominance of water opacity. These temperatures correlate well with I  — I (  colour and 

agree with the theoretical main sequence predictions for the coolest M stars, but not with 

those found by previous investigators. We show tha t most atomic and molecular infrared
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spectral features in M dwarf stars are sensitive to tem perature, and find the depth of 

the H20  bandhead at 1.34 pm, the strongest spectral feature, to be a good indicator 

of tem perature. It does, however, have the disadvantage tha t it is measurable in faint 

objects only from a high, dry site. On the other hand, the 2.05-2.15 pm  gradient and 

the CO bandhead at 2.29 pm,  although not quite as prominent, are also good indicators 

of tem perature and somewhat easier to measure.



C h ap ter  3

Spectral analysis of M  dwarfs

Spectra of M dwarfs, close to the peak of their energy output (1.16-1.22 pm ) are com

pared with synthetic spectra calculated with a stellar atmosphere code. The synthetic 

spectra give a representation of the overall spectral features which has not been possible 

in previous comparisons with cool low-mass dwarf spectra, although the interpretation 

of the observed spectra is hampered by the quality of atomic and molecular input data.

• The comparisons suggest a similar spread in metaDicities to tha t anticipated, al

though for our sample neither kinematic motion nor membership of a particular photo

metric class are, on their own, reliable indicators of metallicity.

• Comparison between observed and synthetic spectra for GD165B indicate tha t 

[K/H] > -1. This together with a improved distance measurement for GD165B leaves 

only a small param eter space for it not being a brown dwarf.

• In the spectral region 1.16-1.22 /rm all atomic and molecular features show a 

strong sensitivity to tem perature, especially the K lines. Metallicity and gravity effects 

are relatively much smaller.

• Atomic lines in cooler M dwarfs (<  3300 K) do not show the intuitive behaviour 

of atomic lines decreasing in strength with decreasing metallicity. In cool M dwarfs the 

sensitivity of atomic line profiles to increases in pressure resulting from lower metallicities 

are more im portant than decreases in atomic number density.

27
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3.1 In tr o d u c tio n

Comparison of synthetic and observed spectra of low-mass stars can yield directly the 

properties of effective tem perature, surface gravity and metallicity which can be used 

to infer mass and age. Since all low-mass objects, even hydrogen burning ones, take at 

least 0.5 Gyr to contract to a stable configuration age is vital for their interpretation on 

an Hertzsprung-Russell (HR) diagram. Metallicity can be related to the age of forma

tion (e.g. reviews by Sandage 1986, Gilmore, Wyse & Kuijken 1989, Wheeler, Sneeden 

& Truran 1989). Surface gravity is also sensitive to age and to a lesser extent mass. 

In principle the measurement of accurate surface gravities enables young cooling brown 

dwarfs and older late-type M dwarfs with similar colours and luminosities to be distin

guished (e.g. Burrows, Hubbard & Lunine 1993). Effective temperatures are sensitive to 

both mass and age. Compared to the spectral analysis required to determine metallicity 

and gravity, effective temperatures can be estimated relatively easily using photometric 

colours. The ability to measure and to model these properties is vital to disentangle M 

dwarfs from brown dwarfs and to derive an accurate mass function below 0.2 M0 .

Although the theory of low-mass stars (<  0.7 M0 ) has a long pedigree (e.g. review by 

Ruan 1991) models have had little success in matching observed spectral energy distri

butions. The effective temperatures (Teff < 4000 K) and pressures (>  10 atmospheres at 

an optical depth of 1) prevalent in M dwarfs atmospheres allows for the widespread for

mation of molecules. This means tha t a realistic model atmosphere for a low-mass star, 

in addition to the many difficulties encountered in construction of model atmospheres 

for a hotter stars, must account for the formation of a variety of little studied molecules, 

with large opacities, each affecting the abundance of the parent atomic populations.

A number of researchers has compared synthetic spectra from model atmospheres 

with observed spectra for M dwarfs to derive stellar parameters. Kirkpatrick et al. 

(1993) and Chapter 4 found effective temperatures for assumed metallicity and surface 

gravity using a range of M dwarfs. Mould (1978) and Naftilan, Sandmann & Pettersen

(1992) inferred effective temperatures and metallicities with assumed gravities for sam

ples of early-type M dwarfs. W ith large errors they indicated tha t their samples were 

slightly metal-poor relative to solar abundance. Despite the relative ease of measuring
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M dwarf colours, uncertainty in translation to tem perature and the inadequacy of model 

atmosphere calculations for late-type M dwarfs seems to have stalled further investiga

tions.

Since the computations of Mould (1976) on which the Mould and Naftilan et al. 

analyses were based significant improvements to molecular and atomic data  bases have 

been achieved. Using these new databases, Allard (1990) and Ruan (1991) constructed 

models able to reproduce many of the features observed at optical and near infrared 

wavelengths. The Allard model code has since been included in the model atmosphere 

code PHOENIX (Hauschildt 1991; Hauschildt et al. 1994; Hauschildt et al. 1995) and 

substantially upgraded by Allard & Hauschildt (1995) and Allard, Hauschildt & Jor

gensen (1995, in preparation) and these are the models used for this study. The model 

improvements combined with the opportunity provided by a new generation of sensitive 

infrared spectrometers has encouraged us to investigate how observed and synthetic M 

dwarf spectra behave with effective tem perature, metallicity and gravity. We have se

lected a spectral region based on the work of Chapter 2 from 1.16 to 1.22 ¿on shown 

to be particularly sensitive to changes in the properties of M dwarfs. The observations 

and data  reduction are presented in Section 3.2. The model atmospheres are discussed 

in Section 3.3. Spectral identifications are made in Section 3.4. The expected M dwarf 

param eter space is examined in Section 3.5. Section 3.6 compares the observed and 

synthetic spectra; Sections 3.7 and 3.8 discuss and summarise the results.

3.2  O b serv a tio n s

We observed the brown dwarf candidate, GD165B and a range of M dwarfs: LHS2924, 

GL569B, VB10, GL406, GJ1111, GL699, GL388, GJ1062, GL411, GL569A and GL123. 

GD165B, discovered by Becklin & Zuckerman (1987), was chosen because its photometric 

colours make it one of the best brown dwarf candidates yet discovered by the numerous 

surveys for low-mass stars conducted over the last 40 years. The others were chosen 

because they have been the subject of many previous studies of M dwarfs and because 

they form a sample whose space motions and colours indicate they cover a wide range 

of tem perature, metallicity and gravity. The diversity of the sample can be seen in
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Table 3.1. The sample do not form a monotonic sequence in spectral type, in absolute 

K magnitude or in photometric colour. Thus we consider this an intriguing sample to 

examine the properties of M dwarfs.

Observations were made with the Cooled Grating Spectrometer 4 (CGS4, Mountain 

et al. 1990) on the UK Infrared Telescope (UKIRT) on Mauna Kea, Hawaii. The in

strument then had a 58 x 62 InSb array which was moved in the focal plane in order to 

three times over-sample the spectrum. Sky subtraction was performed by nodding the 

telescope approximately 30 arcsec up and down the slit, ensuring tha t during alternate 

‘object’ and ‘sky’ observations the star remained on the detector. The observations pre

sented in this paper were made during four nights, 1993 April 23 and 24, 1994 Jan 21 

and April 24 in a wide variety of conditions of optical seeing (0.75-2 arcsec) and of atm o

spheric humidity (10-75 per cent). The airmass difference between object and standard 

never exceeded 0.05 and so we are confident tha t the spectra have good cancellation of 

atmospheric features.

Although the observations required several hours on a number of nights the actual 

time spent integrating was relatively short because of the large overhead of making 

frequent observations of standards. For GD165B an on-chip integration time of 1 hour 

was used; for LHS2924, GJ1111 and VB10 on-chip integration times were 20-35 min; 

for GL569A, GL569B, GJ1062, GL388, GL123, GL411, GL699 and GL406, on-chip 

integration times were 5-10 min.

The 150 lines mm -1 grating was used in third order with the 150 mm focal length 

camera at a central grating wavelength of 1.19 pm. This grating position was chosen 

as it is close to the peak of the energy distribution for M dwarfs, at a maximum in 

the grating efficiency, has high atmospheric transmission (>95 per cent) and gives a 

relatively high resolution, A/AA, where AA is the detector resolution at wavelength A, 

of 1085 (equivalent to 276 km /s).
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Table 3.1: A selection of important properties of the stars used in the analysis. They are based 

on the compilation of Leggett (1992) except where specific references are given. The V c~ K cn  

colour has an error of ±  0.03. The I c c d _ L ’m k o  colour has an error of ±  0.05 except for 

GD165B and  GL569B for which the error is ±  0.1. GD165B has Ic c D -b a n d  photometry from 

Tinney, Mould Reid (1993) and L ’m k o  from Jones et al. (1995, in preparation and ). The 

V-band and I-band photometry is on the Cousins system ( I c c d ) ;  the K-band photometry is 

on the California Institute of Technology ( K c i t )  system and the L’-band photometry is on the 

Mauna Kea Observatories system ( L ’m k o ) -  Distances, d, are derived from Gliese & Jahreiss 

(1991) except for GD165B, from Dahn et al. (1995, in preparation) and for GL569AB, from van 

Altena, Lee & Hoffleit (1994). Spectral types (Sp Type) are taken from Kirkpatrick et al. (1991) 

and Kirkpatrick et al. (1995). Population types are inferred from the objects kinematics (KIN) 

and photometric colours (COL). The symbols YD, OD and H refer to the young disc, old disc 

and halo populations and imply ages of 0.3-1.5 Gyr (Eggen & Iben 1988), 1.5-6 Gyr (Eggen 

1989) and older than 6 Gyr. A backslash (/) symbol indicates that the object is intermediate in 

type between the two noted populations. The population types also correlate with metallicity, 

[Z/H]: young disc have [Z/H] ~  0.0, old disc have [Z/H] ~  -0.5 and halo have [Z/H] < -1.0. We 

adopt the standard spectroscopic notation [Z] = log Zstar -  log Zq for any abundance quantity 

Z.

Object d (pc) KIN COL Sp Type MK(CIT) VC- K CIT I c c d -L[M K O

GL123 16.13 OD OD

GL411 2.5 OD OD/H

GJ1062 15.43 H H

GL569A 9.94 YD YD

GL388 4.89 YD YD

GL699 2.39 OD/H OD/H

GL299 6.76 H II

GL406 1.83 OD -

GJ1111 3.626 YD -

VB10 5.79 OD -

GL569B 9.94 YD YD

LHS2924 10.72 OD -

GD165B 36.0 _ -

- 4.59 3.44 -

dM2e 6.34 4.11 2.24

- 7.86 4.21 -

dM2.5e 5.80 4.42 -

dM3e 6.16 4.71 -

dM3.5 8.20 5.04 2.59

sdM3 8.49 5.19 2.68

dM6e 9.19 7.37 3.70

dM6.5e 9.46 7.53 -

dM8e 9.99 8.70 4.65

dM8.5 9.61 - 4.95

dM9e 10.52 8.91 5.19

>dM10 11.62 - 6.3
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Wavelength in m icrons

Figure 3.1: Spectral sequence for M dwarfs from 1.16-1.22 pm  ranked in order of increasing 

strength of absorption features. The various spectra have been normalised a t  1.191 pm  (see 

Section 3.6.1) and an offset has been added to separate the spectra. The  spectrum  for GD165B 

has a much lower signal-to-noise ratio and is presented in Fig. 3.3.
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3 .2 .1  S ta n d a rd s

Stars in the spectral type ranges B5-A5 and F6-G0 were used to remove the effects of 

atmospheric absorption. These standards were expected to be featureless at the spectral 

resolution used and to be well described by a Rayleigh-Jeans tail. However the F6-G0 

standards were not very useful as they show weak metal lines and should not be used as 

standards for spectroscopic investigations of cool stars. Although the lines tended to be 

weaker and different from the M dwarf features we avoided using them where possible.

3 .2 .2  D a ta  r e d u c tio n

In the reduction of spectra, we have followed the same procedures as in Chapter 2 except 

for GL569B. Observations of GL569AB were made in conditions estimated to be sub- 

arcsec optical seeing using 3 arcsec pixels. The 3 arcsec slit was orientated to a position 

angle of 90 deg in order to maximise the separation between A and B on the detector to 

~  5 arcsec. Each component was observed in turn, but because A is ~50 times brighter 

than B, the observations of B had a large peak due to A and a small peak separated by 

two pixels due to B. Based on the profile of A in the two measurements we estimated the 

component due to A in the spectrum of B to be 43 per cent (assuming tha t the relative 

fluxes of A and B do not change over this small wavelength baseline). This component 

was removed from B in the reduction procedure.

All observations were wavelength calibrated using lines from observations of an argon 

lamp in the CGS4 calibration unit. This procedure is typically accurate to 0.1 AA. The 

reduced data from the observations are presented in the spectral sequence shown in Fig. 

3.1. The scale of flux density is arbitrary, and an offset has been added to separate the 

spectra.

3.3  M o d e l a tm o sp h ere s

Version 5.3 of the model atmosphere code PHOENIX was used to compute synthetic 

spectra for this study. It is described in detail by Allard & Hauschildt (1995). Here we
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d r a w  a t t e n t i o n  t o  t h e  i m p o r t a n t  a s s u m p t i o n s  m a d e  in  m o d e l l i n g  M d w a r f  a t m o s p h e r e s  

w i t h  PHOENIX.

• Due to the high densities prevailing in dwarf atmospheres, the mean free path of the 

photons is small enough compared to the thickness of the layers tha t curvature effects 

may be neglected. This implies tha t dwarf atmospheres can be well approximated using 

a plane-parallel approximation in the solution of the radiation transfer equation.

• The velocities of the convection cells are too small to be detected in low-resolution 

spectra and will have a negligible influence on the transfer of radiation and so the effects 

of convective motion on line formation are neglected (Allard & Hauschildt 1995).

• Non-Local Thermodynamic Equilibrium (NLTE) effects are neglected, which may 

not be a good treatm ent for individual metal lines. The lack of free electrons, provided 

principally by relatively easily ionised neutral Mg, Na and Ca, means tha t collisional rates 

may be too low to bring species into chemical and therm al equilibrium. The number of 

free electrons from any particular atomic species is dependent on the ionization potential 

and the number density. Both of these effects, through the Boltzmann factor and atomic 

species forming molecules, will lead to a rapid decrease in the number of free electrons 

towards lower temperatures. For example, Fig. 5a in Allard (1990) shows a decrease of 

16 dex in the ratio of ion pressure to gas pressure for Mg I between 3250 and 2000 K. 

In addition to a lack of free electrons available to give rise to LTE conditions, most M 

dwarfs radiate strongly in the x-ray range (Fleming et al. 1993). This means tha t a high 

x-ray flux impinges on the photospheric material, altering its thermodynamical state.

The major difference between the models presented here and those in Allard & 

Hauschildt (1995) is the inclusion of new data for TiO which has allowed it to be treated 

using the opacity sampling technique rather than the less reliable JOLA technique (Tsuji

1994). Jorgensen (1994) has calculated a line list for TiO comprising 12 million lines. 

The new treatm ent of TiO has the effect of reducing the derived effective tem peratures 

by around 150 K in comparison with a previous spectral comparison of these model 

atmospheres (Kirkpatrick et al. 1993) across this region. The inclusion of a line list 

for TiO represents a vital improvement but nevertheless there are a number of other 

molecular line lists which are vital for M dwarf models. The most im portant are H20 ,
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VO, FeH and CH4. A preliminary H20  calculation is promising (Chapter 4).

For this study a large grid of spectra was synthesized from 1.14-1.24 pm.  They 

encompass

• effective tem perature, 1500 < Teff < 4000 K in steps of ATeff =  100-300 K,

• surface gravity, 3.5 < log g < 5.5 cm /s2 in steps of A log g = 0.5,

• metallicity, -4.0 < [Z/H] < +0.5 in steps of A[Z/H] =  0.5.

The different models’ parameters are denoted by IteTT-G .G -Z.Z .I.D , where lte in

dicates local thermodynamic equilibrium, TT = Tefr/ 100, G.G =  log g (in cm /s2), Z.Z 

=  [Z/H] and I.D = PHOENIX batch number (ir.7 for the models presented here).

3.4  S p e c tra l fea tu res

The spectral sequence in Fig. 3.1 shows the 1.16-1.22 pm  region is rich in strong absorp

tion features whose strengths change dramatically across the M dwarf regime. In Fig.

3.2 we label the spectral features in GL406. The identifications were made using the 

line-identification feature in PHOENIX which outputs the strongest, defined by reaching 

its own r  =  1 first, atomic and molecular transition for each wavelength point.

In Table 3.2 we tabulate the properties of the principal observed atomic lines from 

database of Kurucz (1993). We include “astrophysical” log g f ’s (where g is the statistical 

weight and /  is the oscillator strength) from Vieira (1985) as an illustration of the 

possible errors in the basic line data. For some of the lines, particularly the Fe lines, 

the discrepancies are large enough to seriously affect the interpretation of the observed 

line strengths. The Vieira values are derived by comparison with high signal-to-noise 

and resolution spectra of the red giant a  Orionis. However, a  Orionis’s mass loss and 

spot and chromospheric activity may compromise the reliability of the log g / ’s derived. 

We prefer to use the 42 million line Kurucz dataset because (1) the Kurucz dataset are 

normalised to produce the correct to tal absorption for each species and (2) they are used 

in a variety of astrophysical applications.
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Wavelength in m ic rons

Figure 3.2: Spectral identification of strong spectral absorption features in a 1.16-1.22 /im spec

trum  of GL406.

Table 3.2: Strong atomic transitions observed in the spectra are given: element, wavelength in 

vacuo, transition, log g f  from Kurucz (1994), log g f  from Vieira (1985) and excitation potential.

Atom A (gm) (log f//)l<urucz (log P/ ) Vieira X (eV)

Fe I 1.16414 -2.25 -2.41 2.18

K I 1.16902 0.25 - 1.61

Fe i 1.1693 -2.05 -2.58 2.23

K i 1.17697 -0.45 -0.31 1.62

K I 1.17728 0.51 - 1.62

Fe l 1.1786 -1.48 -1.88 2.23

Mg I 1.1828 -0.29 -0.14 4.34

Fe I 1.1886 -1.7 -2.53 2.20

Fe I 1.1976 -1.5 -1.72 2.18
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3.5  M  d w a rf p a ra m eter  sp a ce

Model atmosphere calculations contain a vast array of physics but they are as yet only 

a crude representation of a real star. The fundamental param eters of hotter stars, often 

observed at high signal-to-noise ratio at a variety of different wavelengths and with the 

benefit of large scale determinations of opacities by the opacity projects (OPAL, Rogers 

k  Iglesias 1992 and OP, Seaton et al. 1994) are still debated (e.g. see discussion of 

the solar iron abundance Blackwell, Smith k  Lynas-Gray 1995). However cool star 

atmospheres (<  4000 K) are far more complex to model due to the sheer number and 

variety of molecular transitions. W ith the lack of basic molecular data we can not 

expect the model structure to be correct in detail and so it is im portant to be aware of 

the observational constraints on M dwarf properties.

The param eter space covered by M dwarfs is large: a factor of ~5 in mass, ~1000 in 

luminosity and a factor of in effective temperature. This range is broadly equivalent 

to the range encompassed by the F, G, K spectral types. When comparisons are made 

with model atmospheres it is necessary to specify temperature, gravity and metallicity 

although the observational parameters are luminosity at different wavelengths, distance, 

space motion, rotation and for objects in binaries systems also mass. The following 

subsections discuss previous inferences of effective tem perature, metallicity and surface 

gravity for M dwarfs and then combine this work to define the expected param eters of the 

sample. This allows us to gauge the accuracy of the model spectra and their usefulness 

in predictions of M dwarf parameters.

3 .5 .1  E ffe c tiv e  te m p e r a tu r e

M dwarf effective temperatures have been investigated many times though there is not 

yet a consensus on a particular scale. Recent work by Bessell (1991), Kirkpatrick et 

al. (1993), Tinney, Mould k  Reid (1993), Chapters 2 and 4 show broad agreement for 

objects above 3300 K but significant differences for cooler objects. The studies all yield 

effective tem perature sequences which are continuous with the sample properties but 

offset relative to one another by as much as 500 K. This is significantly more than their
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internal errors of 100 to 200 K. Each method is prone to serious systematic uncertainties.

The work of Bessell is an extension of the tem perature calibrations of Wing (1979) 

and Veeder (1974) which were based on blackbody fits to broadband photometry. The 

problem with this technique was demonstrated by Berriman & Reid (1987) to be, tha t the 

presence of deep water vapour absorption bands in the infrared means tha t blackbody 

fits measure the peak of the flux distribution and so over estimate luminosities and 

temperatures. Berriman & Reid devised an alternative method assuming tha t the flux at

2.2 pm  (K-band) measures the continuum emission from a blackbody with a tem perature 

the same as the s ta r’s effective temperature. Tinney et al. (1993) have followed this 

technique with infrared spectra using 3.8 pm  (effective wavelength of the L’-band) as 

their reference wavelength. For stars with Teff > 3000 K this technique is accurate 

but for stars with < 3000 K deep water absorption bands, throughout the infrared 

spectra, mean tha t a reference wavelength centered on any infrared photometric bands, at 

relatively transparent wavelengths for the s ta r’s atmosphere, is measuring considerably 

above a blackbody continuum appropriate to an adopted effective tem perature. This 

causes effective tem peratures derived using this method to be systematically too low. 

The concept is discussed in Chapter 2.

Chapter 2 uses the dominance of water vapour absorption in M dwarfs across the near 

infrared to fit blackbody curves to points in the spectra which are affected by the same 

amount of water absorption. Although this method is potentially reliable to around 100 

K, they used the water vapour absorption coefficients from Ludwig (1971) which from 

1-2 pm  may be too high by as much as an order of magnitude (Schryber, Miller & 

Tennyson 1995).

The tem perature scale of Kirkpatrick et al. (1993) is based on an earlier genera

tion of the model atmospheres used in this paper at a time when the models showed 

large discrepancies with observed spectra photometric colours. Nevertheless their study 

illustrated the complexity of M dwarf spectra and the need to make comparisons with a 

sophisticated model atmosphere.

Although much effort has been invested to derive a secure effective tem perature scale 

for M dwarfs the scale is still uncertain. W ith the limited wavelength coverage of this
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study it is not appropriate to derive a new tem perature scale; we defer tha t to Allard 

et al. (1995, in preparation). We infer Te ff’8 from photometric colours by combining 

the work of Berriman, Reid & Leggett (1992), Tinney et al. (1993) and Chapter 2 for 

Teff > 3000 K, and the work of Chapter 2 for Teff < 3000 K. From these we derive the 

relations Tefr =  -12.7(KC- A CIT)3 +  245(KC- R CIT)2 -  1730(RC-W CIT) +  7280 and Teff =  

-3 2 .6 (/CCD-L MKO)3 +  441 (Fqcd-^m ko)2 ~ 2240(/CCD-X /MKO) +  6590 which we use to 

find the expected values for Teff given in Table 3.3. The long wavelength baseline of the 

photometric colours used means tha t the relative effective temperatures of the objects 

should be reliable; except in cases of extreme metallicity where the relative importance 

of different opacities becomes dramatically different (e.g. see Saumon et al. 1994 for the 

extreme case of zero metallicity).

3 .5 .2  M e ta l l ic i ty

Since the local space distribution for earlier type M dwarfs is in broad agreement with 

tha t of well studied classes of hotter stars (Mihalas & Binney 1981), we can use the 

kinematic populations given in Table 3.1 (from Leggett 1992) to assign approximate 

metallicities and ages. It is necessary to be wary of their use for the later type dwarfs 

as there is evidence tha t the latest type M dwarfs have a low scale height (Hawkins 

1988; Hawkins & Bessell 1988; Reid, Tinney & Mould 1994; Kirkpatrick et al. 1994; 

Kirkpatrick, Henry & Simons 1995) and so may represent a young metal rich population 

containing a number of brown dwarfs.

3 .5 .3  S urface  g ra v ity

There are two M dwarf eclipsing binary systems from which gravities have been directly 

determined. YY Gem from the young disk population has log g =  4.59T0.05 (0.62T0.03 

M0 ) and 4.66T0.05 (0.57T0.03 M0 ) (Leung & Schneider 1978). CM Dra from the halo 

population has log g = 5.01T0.05 (0.237T0.011 M0 ) and 5.01T0.05 (0.207T0.008 M0 ) 

(Lacy 1977).
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Observational relations for surface gravity

As described above, M dwarf effective temperatures and their population types, pre

sumed to be indicative of metallicity, have been the subject of some scrutiny. On the 

other hand surface gravities are usually assumed as a fixed value in previous investiga

tions. Burrows et al. (1994) highlighted, in their fig. 5, the large range of surface gravity 

which field M dwarfs are likely to have, log g = 4.0-5.5 for ages 0.1-10 Gyr. To find
• n 4

the most appropriate value for log g the Stefan-Boltzmann relation L = 47tR  oT  efr, 

where L is luminosity, can be substituted for R 2 =  G M /g  where R  is the radius, G is

the gravitational constant, M  is the mass and g the surface gravity to give

logTeff =  0.25(log(7 +  log L -  log M  -  log47rGcr). (3.1)

This is written in a more instructive form by substituting in standard solar values, Mbol0 

= 4.75, L0 =  3.826 x 1026 W and M0 = 1.99 x 1030 kg and rearranged to give

logg = 4(logTeff +  0.1Mbol +  0.25logM /M 0 -  3.624). (3.2)

This form is more useful but there is only a small number of objects for which

bolometric magnitude, Mbol and log M / M0 have been determined. In order to derive 

more widely applicable relationships we can replace these terms by the absolute K- 

band luminosity, MK. M / M0 can be substituted from the work of Henry & McCarthy 

(1993) who derive binary M / M0 versus M K relationships valid over the range 0.080 to 

1.000 M /M 0 (A î<ctio = 3.07-9.81). The Henry & McCarthy relations apply to K-band 

magnitude based on the K itt Peak filter system which uses the same filter set as CTIO; 

Elias et al. (1982) find tha t A'CTio = -^cit- We can substitute for Mbol by using Tinney 

et al. (1993) and Chapter 2 to derive Mbol =  1.10 MK +  2.06, for MK < 9.81. Including 

these relations and transforming for log g from m /s2 to the standard units for log g of 

cm /s2 gives

log g = 4(logTeff +  0.0680Mk -  3.283) +  2 (3.3)
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for M k =  7.70-9.81 and

logg = 4(logTeff +  0.0473Mk -  3.119) + 2 (3.4)

for M k = 5.94-7.70 and

logg =  4(logTeff +  0.0838Mk -  3.336) + 2 (3.5)

for M k =  3.07-5.94. The error in determination of log g for (3.3) to (3.5) can be expressed 

from (3.2) as

A log g = [(4Alog Teff)2 +  (0.4AMbol)2 +  (A log M /M 0 )2]0'5. (3.6)

The errors can be taken from the relationships used to derive (3.3) to (3.5): Henry & 

McCarthy find A M /M 0 = 0.067 rms error for the relationship used to derive (3.5) and 

A (Mbol) = 0.14 rms error for the -Mbol versus M K relationship using data  in Chapter 2 

and Tinney et al. (1993). At 3000 K, the error on log g can be w ritten as

A log p =  [(0.06(ATeff/100))2 +  8.09xl0-3]0'5. (3.7)

The random errors in the determination of temperature scales are typically 150 K which 

indicates tha t A log g ~  0.15.

These relations are based on the Henry & McCarthy results for a sample of nearby M 

dwarfs with intermediate disc characteristics -  the relationship specifically avoids overtly 

young or old objects. They represent intermediate age objects (OD objects, see Table 

3.1) but for the oldest and youngest objects they can not be expected to be valid without 

consideration of the effects of metalhcity and age. We now examine their usefulness by 

testing them against the two M dwarf eclipsing binary systems for which fundamental 

parameters are known accurately.
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Com parison w ith eclipsing binaries

The separations of the components of the M dwarf eclipsing binary systems are too small 

to be resolvable with speckle techniques and so are not included in the Henry h  McCarthy 

results used in Section 3.5.3. These eclipsing systems therefore offer an independent test 

of (3.3) to (3.5). For the YY Gem components using M K = 4.34 (from Gliese & Jahreiss 

1991 and Leggett & Hawkins 1988), the luminosity-ratio and effective tem peratures from 

(Leung & Schneider 1978) substituted into (3.5) gives log g =  4.63±0.12 and log g = 

4.72±0.13. For CM Dra adopting component parameters from Lacy (1977) and 

= 7.79 (Leggett 1992; Gliese & Jahreiss 1991) and substituting in (3.4) gives log g — 

4.94T0.11 and log g = 4.99T0.11.

Although the eclipsing binaries are from the extremes of the kinematic populations, 

the equations (3.3)—(3.5), primarily based on old disk objects, give surface gravities for 

both which compare well with the “observed” values (Section 3.5.3). This is expected 

from models of M dwarfs which find almost no dependence of surface gravity on metal- 

licity: for a fixed-mass low (and zero) metallicity M dwarfs will have nearly the same 

radius but a higher Tefi and luminosity (D’Antona 1987; Burrows et al. 1993). The above 

comparisons indicate th a t, within the luminosity range over which they are applicable, 

it is reasonable to use (3.3) to (3.5) to determine expected log g ’s for the sample. These 

are given in Table 3.3. In the following sections we examine the expected Teff’s, [Z/H]’s 

and log g ’’s for the sample of observed spectra. We divide the sample into hotter objects, 

defined as Teff > 3000 K, and cooler objects, defined as Teff < 3000 K.

3 .5 .4  E x p e c t e d  P a r a m e te r s  

H otter  objects  (Teff > 3000 K)

In our sample there are objects which can be expected to have a wide range of sub-solar 

[Z/H]’s. GJ1062 and GL299, lie within the subdwarf sequence on fig. 10 of Monet et al. 

and have undisputed halo-type space motions. Linear interpolation within the Monet et 

al. scale indicates GL299 has [Z/H] ~  -1.5, GJ1062 has [Z/H] ~  -1.0. For GL699 and
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GL411 the situation is less clear. GL699 is classified as OD (Monet et al.) or OD/H 

(Leggett 1992) and GL411 is classified as H (Monet et al.) or OD/H (Leggett 1992). 

On the other hand fig. 10 of Monet et al. suggests tha t GL699 is more metal poor. 

GL699 lies approximately 1.6 mag below the mean main sequence for disk stars and in 

the subdwarf regime, whereas GL411 lies only a few tenths of a magnitude below the 

mean main sequence for disk stars. Given the conflicting evidence for these objects we 

tentatively assign them as [Z/H] ~  -0.5.

The Monet et al. scale is uncertain as it is based on a number of indirect pieces of 

evidence and has recently been examined using the predictions of evolutionary models. 

Saumon et al. (1994) compare the offset between their solar and zero metallicity evo

lutionary model calculations with tha t between the observed M dwarf and M subdwarf 

main sequences from Monet et al. Since many of the observed subdwarfs lie very close to 

the locus for zero metallicity objects, Saumon et al. consider tha t they may have [Z/H] 

considerably lower than the average subdwarf metallicity of [Z/H] =  —1.7 suggested by 

Monet et al. If we apply the suggestion of Saumon et al. then GL299 would have [Z/H] 

< -2.0. If this is the case its Teff is expected to be markedly different from other similar 

Vc- K qyy colour objects. Allard & Hauschildt (1995) indicate a rapid divergence from 

the solar-metallicity V’c -J5l’Ci t  versus Teg relationship below a value of [Z/H] between 

-1.0 and -1.5. The relationship shows a difference of 400 K, in Teff at Vq~ K CIj  = 5.19 

(GL299), between [Z/H] =  0.0 and -1.5. Vq- K qyi =  5.19, [Z/H] = -2  would correspond 

to an well below 2500 K and for such a low [Z/H] would imply a definite brown 

dwarf (Burrows et al. 1993); since it is not possible to fit GL299’s luminosity or spectral 

features with such a low Teir we prefer to use the [Z/H] scale of Monet et al.

In Section 3.5.1 we discussed the Tefi scales derived for typical disc-type dwarfs but 

not for halo-type subdwarfs. For [Z/H] > —1.0 Allard & Hauschildt find Jeff’S not sig

nificantly different from the more metal rich stars. Using the Monet al. [Z/H] scale 

GL299 is the only object in the sample for which a significant correction is likely and 

is mentioned above. The YD objects GL123 (OD), GL569A (YD) and GL388 (YD) lie 

close to the main sequence of Monet et al. and so we expect them to have solar-type 

[Z/H] and Teff’s close to the relations given in Section 3.5.1.
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Cooler objects  (Teff < 3000 K)

The combination of (1) a slow gravitational contraction leading to a wide spread in 

param eters at different ages, (2) the lack of eclipsing binaries and (3) the general lack 

of known objects in this regime means tha t the parameters of objects with Tefi < 3000 

K are not well determined. Nevertheless the hotter members may be interpreted in the 

same fashion as for Tex > 3000 K.

GJ1111 is a classified as a YD object and lies ~  0.25 mag above the sequence of 

Monet et al. This suggests tha t it is still contracting onto the main sequence and is 

therefore likely to have a low value of log g and a metallicity which is greater than the 

solar value. GL406 is classified as an OD object and lies ~  0.5 mag below the Monet 

et al. sequence. This suggests [Z/H] ~  -0.5. VB10 is classified as an OD object and 

lies close to the main sequence of Monet et al. suggesting a solar metallicity. GL569B 

is classified as a YD object which given its very red colours and close companion means 

further discussion is useful. LHS2924 and GD165B lie well outside the range of validity 

of equation (3.3) and so theoretical evolutionary models will be used to estimate their 

gravities.

G L569A B It has been realised since the discovery of the faint red object GL569B 

(Forrest, Skrutskie k  Shure 1988) that its YD companion means tha t it may be a cooling 

brown dwarf. The parallax of GL569A gives a distance (to ±  5 per cent) which indicates 

tha t GL569B’s M K is overluminous relative to objects with similar colours by some 0.65 

magnitudes. This is in accord with its youth. The slow cooling of objects below 0.1 M0 

has long been expected (Kumar 1963) to lead to a spread in luminosities for a given 

colour. However an overluminosity of ~  1.9 is relatively small. For example, a model 

0.080 M0 star decreases in luminosity by a factor of 2.1 between 1 and 5 Gyr (Burrows 

et al. 1993). To estimate an age for the system Henry k  Kirkpatrick (1990) compare 

GL 569A’s H a line (from Young et al. 1989) with studies of the Hyades and Pleiades. 

Although there is a large scatter in Ha equivalent widths, they infer tha t GL569A is 

consistent with a Hyades age, 0.6 Gyr, rather than a Pleiades age, 0.08 Gyr. Henry 

k  Kirkpatrick hypothesize GL569B’s overluminosity as being due to a parallax error,
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however, the improved parallax used here (van Altena et al. 1994) bears out its relative 

brightness for its spectral type and colours. Furthermore, GL569A is not overluminous 

for its colour on fig. 10 of Monet et al. as would be expected for an overestimated 

parallax. In conclusion the system’s youth (~  1 Gyr) and its overluminosity suggests 

tha t a low value of log g and a solar-type metallicity but there is not strong evidence for 

it to be a young brown dwarf.

LHS2924 and G D 165B  Objects fainter than the cut-off of the observational mass- 

luminosity relation, M K = 9.81 (0.080 M0 ), are brown dwarf candidates. Although 0.080 

Mg is the often-quoted transition mass between star and brown dwarf, it is merely a 

canonical value. The most sophisticated examination of the transition is by Burrows 

et al. (1993). They find tha t the transition is sensitive to a number of parameters 

particularly metallicity and helium fraction and find a range of values from 0.095 M0 

(for a composition consisting of no ‘metals’ and helium fraction, Ya =  0.22) to 0.074 

M0 (for [Z/H] =  0.0 and Ya =  0.28). For solar metallicities their ‘best’ value is 0.0767 

M0 (Ya = 0.25). Other investigators find considerably higher ‘best’ values, 0.084 M0 

(Nelson, Rappaport &; Joss 1993) and ~  0.085 M0 (D ’Antona & Mazzitelli 1994). All 

models with [Z/H] = 0.0 predict a rapid fall in luminosity and effective tem perature with 

mass but only small changes in log g. We choose to use the Burrows et al. models as 

they predict the lowest masses (and so are the most conservative at identifying objects 

as brown dwarfs) and agree well with the observational results of Henry & McCarthy 

(1993). Burrows et al. predict tha t for solar metallicities at 5 Gyr there is a maximum 

surface gravity at log g = 5.48 (for a ~  0.072 M0 object); at 0.6 Gyr the maximum 

log g = 5.32 (for a ~  0.072 M0 object). For either age, < 0.072 M0 , surface gravity 

slowly falling into the brown dwarf regime. This turnaround in log g arises from a slight 

increase in radius as the electron degeneracy pressure exceeds the therm al pressure at 

the high densities and low entropies prevalent in brown dwarfs.

As mass is reduced by a few hundredths of a solar mass from M dwarfs to brown 

dwarfs, object properties become very dependent on age. A point on the two-dimensional 

HR diagram is useful but without age or another third quantity such as mass or gravity, 

low-mass objects can not easily be classified. A ttempts to identify definite brown dwarfs
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Table 3.3: Expected parameters for the sample based on Table 3.1 and Section 3.5. The errors 

are A(log g) = 0.15, ATeff = 150 K and A [Z/H] = 0.5.

Object Temperature (K) Metallicity [Z/H] log g (cm /s2)

GL123 3710 0.0 4.47

GL411 3420 -0.5 4.86

GJ1062 3380 -1.0 5.12

GL569A 3320 0.0 4.68

GL699 3170 -0.5 5.10

GL388 3230 0.0 4.73

GL299 3120 -1.5 5.15

GJ1111 2700 0.0 5.17

GL406 2670 0.0 5.07

GL569B 2360 0.0 4.97

VB10 2510 0.0 5.18

LHS2924 2220 -0.5 5.4

GD165B 1860 0.0 5.4

from a small number of candidates in a three-dimensional param eter space have so far 

given inconclusive results. There is evidence, mentioned in Section 3.5, tha t the brown 

dwarf candidates discovered have a low scale-height and represent a population of young 

cooling brown dwarfs. Although this hypothesis has yet to be fully tested, it is well 

observed tha t the best studied brown dwarf candidate LHS2924 has peculiarly blue 

optical colours relative to other objects with > 10. This together with its weaker 

than expected spectral features indicate that it is metal poor (Probst & Liebert 1983, 

Liebert, Boroson & Giampapa 1984; Monet et al. 1993; Chapter 2). If other objects in 

the range M K =  10-11 are assumed to have solar-type abundances, LHS2924 is likely to 

have [Z/H] < -0.5. Such a metallicity means tha t it is likely to be relatively old, at least 

5 Gyr. Interpolation within the solar metallicity models of Burrows et al. indicates log
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g „  5.4 (~  0.081 M0 ).

GD165B has not been as well observed as LHS2924. It does have a white dwarf 

companion whose likely minimum cooling time means tha t its age is at least 0.5 Gyr 

(e.g. Chapter 2). It is separated from the white dwarf by ~  100 AU and so it is 

possible (though not likely) tha t GD165B’s surface composition was influenced by the 

AGB evolution of the primary. In the meantime we assume solar metallicity as GD165B’s 

1.1-2.5 /¿m spectrum (Chapter 2) displays molecular and atomic absorption features 

broadly as predicted for a solar abundance object with its luminosity and tem perature. 

Interpolation within the Burrows et al. models indicates log g between 5.25 (0.6 Gyr, 

0.055 M0 model) and 5.45 (10 Gyr, 0.077 M0 model).

3.6  S p e c tr a l A n a ly s is

The models were matched to the instrum ental resolution by smoothing with a block 

function to mimic the effect of being detected by the square pixels used by the infrared 

detector of CGS4 and resampling to three times oversampling as used for the obser

vations. This was performed using routines within KAPPA (Currie 1992) and SPECDRE 

(Meyerdierks 1993). The blending of absorption features from this process gives a good 

indication of the blending problems caused by working at the relatively low resolutions 

used here. Higher resolution data would allow detection of weak lines and could show the 

importance of any chromospheric effects on the line cores, however, the high pressures 

prevalent in M dwarf atmospheres lead to broad line profiles and mean tha t blending 

would still be a problem.

3 .6 .1  B e s t  fit m o d e ls

To determine the most appropriate model parameters for each object, the observed 

and synthetic spectra were run through a least-squares minimization program kindly 

provided by Steele & Jameson (1995). Each spectrum was first resampled to a common 

resolution of lxlO -4 pm, then normalised to 1.191 jum where there is little absorption 

present in any of the spectra. However because there is some level of noise in each of
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Table 3.4: Best least-squares-m inim ization fit for each object in the region 1.16-1.22 pm. Values 

are given to  half the spacing of the model grid: effectives tem pera tu res to  50 K, m etallicities to 

0.25 dex, surface gravities to  0.25 dex.

Object Teff(K) [Z/H] log g (cm /s2)

GL123 4000 -1.25 4.75

GL569A 3650 -1.25 4.25

GL411 4000 -2.5 5.0

GJ1062 3900 -2.25 4.5

GL388 3350 -0.75 4.5

GL699 3200 -0.75 4.0

GL299 3150 -0.75 4.0

GJ1111 2850 +0.5 5.25

GL406 2900 0.0 5.0

VB10 2750 -0.25 5.0

GL569B 2400 -0.5 4.75

LHS2924 2350 +0.5 4.75

GD165B 2050 -0.5 4.5

the spectra, the relative normalization for any pair may not be optimal. The program 

compares each observed spectrum with all the synthetic spectra in the grid by taking 

the difference between the flux values of the two spectra at each wavelength point. The 

sum of the squares of these differences is output for each comparison and they are sorted 

on this basis to produce a best model fit for each object. Some observed spectra yield 

very similar least squared values for a number of models and so the best fit model was 

taken to be the average model parameters of all models with values within 5 per cent 

of the minimum least-squared-minimisation value. This procedure leads to averaging 

over typically five models and allows less well sampled regions of the model grid to be 

interpolated across. The best fit model parameters are given in Table 3.4.
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Wavelength in m ic rons

Wavelength in m ic rons

Figure 3.3: C om parisons of synthetic w ith observed spectra for (a) GL123, (b) GL299, (c) VB10 

and (d) GD165B.
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Fig. 3.3 shows comparisons between observed and best fit synthetic spectra for a 

few of the most interesting objects. The synthetic spectra are a reasonably good match 

for the cooler objects, e.g. VB10 and GD165B but less good for the hotter objects, 

e.g. GL123 and GL299. The “best fit” model for GL299 is not convincing. In general 

the match of the synthetic spectra and the correspondence between model fits given in 

Table 3.4 and expectations based on Table 3.3 are much better for the cooler objects 

than for the hotter objects. To examine the reasons for this the plots for GL123 and 

GL299 are instructive. They illustrate tha t for the hotter objects the “best fit” models 

cannot simultaneously predict observed Fe and K line strengths. In the plot for GL123 

(Fig. 3.3a) the region from 1.176-1.180 pm shows tha t the K line blend is predicted to 

be relatively weak and the Fe line relatively strong, however, the reverse is seen in the 

observed spectra. This is caused by the Fe line strengths being overpredicted and leads 

to unphysical “best fit” models, e.g. log g =  4.0 for GL299, rather than log g > 5 based 

on Table 3.3. The possibility, suggested in Section 3.4, tha t the Fe oscillator strengths 

are too large seems a likely cause for the over-predicted Fe lines and the discrepant “best 

fit” models for the hotter objects. For the cooler objects Fe lines become relatively weak 

and less im portant in determining the best fit model parameters. The reasonable match 

between the observed and synthetic spectra for the cooler objects means tha t it is more 

reasonable to view their least-squared-minimisation model param eters as the “best fit 

model” .

To circumvent the problem of placing undue weight on differences between observed 

and synthetic spectra which are likely to be due to inaccurate atomic param eters and/or 

missing molecular opacity, equivalent widths of observed and synthetic spectra for indi

vidual lines are compared. The measurement of equivalent widths is described in Section 

3.6.2. The inferences from the individual atomic absorption lines are given in Section

3.6.3 and discussion of the application of these to the most interesting objects is made 

in Section 3.7.



Ta
bl

e 
3.

5:
 

E
qu

iv
al

en
t 

w
id

th
s 

in 
¡i

m 
de

riv
ed

 
fo

r 
ea

ch
 

of 
th

e 
m

os
t 

pr
om

in
en

t 
at

om
ic

 
lin

es
 

in 
th

e 

ob
se

rv
ed

 
sp

ec
tr

a.
 

Th
e 

w
av

el
en

gt
hs

 
gi

ve
n 

in 
br

ac
ke

ts
 

are
 

th
os

e 
ov

er
 

w
hi

ch
 

th
e 

eq
ui

va
le

nt
 

w
id

th
s 

are
 

m
ea

su
re

d.

Chapter 3: Spectral analysis o f M  dwarfs 52

=t
CO
05

I
E—
0 5

LO t o LO LO LO LO LO x E 'xE ^ E LOo o o O o o o o o o O o o
ci) CD <d CD CD CD CD CD CD CD CD CD CDo o CO 0 5 CO o CO t — LO ^ E CO T—1 E -

CO LO E— LO 05 LO o o co CN CO
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Ê
o
E -

I
00CO

LO LO LO LO ^cE LO ^ E ^ E ^ E n E n E
o o o o o o o o o o o o o

0) ci) ci) ci) ci) CD ci) ci) 0) ci) CD ci) ci)
oo CO T—1 T—1 CO CO 05 E- 'xE E - x E CN LO
CO LO CN E- o I— o o LO CO 'cE LO 1——1
LO LO CO c o T—1 CO 1— 1 CO co x E CO LO CO

CJ
CD

• 1— 5rûo

CN < ! 1— 1 CQ
x r
CN

CO i—i CO 0 5 GO 0 5 0 5 c o 1— 1 0 5 0 5
CN i—i o CO 0 0 0 5 0 5 o 1— 1 o CO CN
i—l ^ E i—H LO CO CO CN “ E 1— 1 i— i i O CO
1-1 i - l 1— 1 1-1 1-3 i-3 5 Ç Q i— l K
O o O O o O o o o > O i— 3

CQ
l o
CO

Q
0



Chapter 3: Spectral analysis o f M  dwarfs 53

3 .6 .2  E q u iv a le n t  w id th s

Equivalent widths of the strongest observed atomic absorption features are tabulated in 

Table 3.5 and plotted in Fig. 3.4 together with modelled equivalent widths from the 

grid of synthetic spectra. They were measured by modifying A B L I N E  (Robertson 1986) 

to run non-interactively. All continuum fits were based on fitting a straight line to the 

spectrum immediately adjacent to the feature rather than trying to measure equivalent 

widths based on an overall continuum. It can be seen from Fig. 3.3b tha t the observed 

K I line at 1.177 pm  is contaminated by the prescence of a nearby weak Fe lines. The 

Fe I line at 1.198 suffers the worst from being blended especially in the cooler objects. 

In this case it is with FeH. Similar blending is present albeit to a lesser extent in each 

spectral feature. Such uncertainties in the measurement of equivalent width are generally 

a small effect and are well modelled. The biggest uncertainty is in setting an accurate 

continuum. Based on the measurement of equivalent width, whilst testing a number of 

different wavelength regions to define the “best” continua, we find standard deviations 

close to 10 per cent. Although this procedure does not give an absolute equivalent width, 

it gives us confidence tha t our comparisons are internally consistent because the same 

problems exist with the determination of equivalent widths from the synthetic spectra. 

We have not included FeH in the measurements of equivalent width as the intensities of 

its bands are set empirically (based on the VB10 data of Kirkpatrick et al. 1993) and 

do not include a number of strong observed transitions.

3 .6 .3  A to m ic  a b so rp tio n  lines

Fig. 3.4(a-e) compares the equivalent widths of observed and synthetic spectra. We have 

chosen to plot equivalent width against effective tem perature, rather than metallicity or 

gravity because in general the synthetic spectra are firstly sensitive to tem perature and 

secondly sensitive to metallicity and gravity. The effective tem peratures are from Table 

3.3. Synthetic equivalent widths are shown for models of log g =  5.0, close to the 

expected gravity for many of the sample. Dotted lines show solar metallicity equivalent 

widths for other gravities: log g = 4.5 to represent an extreme of low gravity for the 

hotter members of sample, and log g = 5.5 to represent an extreme of high gravity for
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the coolest members of the sample. Equivalent widths for log g = 4.5 and 5.5 models at 

other metallicities are found to scale in a similar way to those of solar abundance and so 

in order not to overcomplicate Fig. 3.4 are not included.

2 0 0 0  2 5 0 0  30 0 0  3 5 0 0
Temperature (K)

2000 25 0 0  3000
Temperature (K)

3500
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Temperature (K)

Figure 3.4: Equivalent w idths m easured from observed spectra  are shown by open triangles: (a) 

for K I (1.169 pm ); (b) for K I (1.177 pm ); (c) for Mg I (1.183 pm ); (d) for Fe I (1.189 pm ); 

(e) for Fe I (1.198 pm ). P lots for the equivalent w idths of the m odel grid a t log g =  5.0 for 

different m etallicities are shown as solid lines (solar com position models in bold). D otted  lines 

show solar com position models for log g =  4.5 and 5.5. Mg is too weak to detect reliably in the 

cooler objects and so is only plotted for Ten >  3000 K.
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One of the most striking feature of the plots is that for [Z/1I] > -1.5 and T'eff < 3300 K, 

modelled equivalent widths often increase in strength with decreasing metallicity, unlike 

those in hotter stars. In cool dwarfs the strength of metal absorption lines is principally 

due to pressure broadening. For the regime [Z/H] > -2, increases in gas pressure are 

more im portant, for atomic line strengths, than decreases in number density resulting 

from reduced metallicity. This result is a conclusion by Allard (1990) where the complex 

behaviour of atomic and molecular absorption lines in cool atmospheres are discussed in 

detail.

The plots show that the effect of surface gravity on equivalent widths is significant. 

Increases in surface gravity lead to an increase in the total gas pressure and from the 

increased efficiency of convective energy transport lead to a decrease in the temperature 

gradient. All the modelled equivalent widths increase for increasing log g for Tefr < 3500 

K. At higher temperatures the modelled equivalent widths appear not to increase with 

log g. However this is a result of blending becoming im portant rather than a change in 

the underlying trend with log g.
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Although Fig. 3.4(a-e) indicates tha t the atomic absorption lines all show some 

sensitivity to each of the model parameters there are distinctive differences in this sen

sitivity. These form the basis of the following discussion, where line strengths are used 

to estimate metallicities and gravities for the sample.

Iron

The Fe line strengths in Fig. 3.4 suggest tha t the entire sample of objects has [Fe/H] 

< -1.5 and /or gravities significantly less than log g =  5. Although there is evidence 

tha t GL411, GL388 and GL699 and other early-type M dwarfs are metal poor (Mould 

1978; Naftilan et al. 1992) there is no evidence for such extreme values of [Fe/H]. Such 

a result contradicts Section 3.5 and inferences from the other spectral features and so as 

mentioned in Section 3.6.1 it is much more likely tha t there are problems with the atomic 

data for Fe. It is possible tha t part of the discrepancy arises from an underprediction of 

the number density of FeH molecules though this would lead to the largest discrepancies 

in the cooler objects - this is not evident. We consider the Kurucz (1993) log g f  values as 

the most likely source of error, although, it is not clear tha t those of Vieira (1985) would 

be more appropriate. Overall the Fe I 1.1886 ^m model line strengths are somewhat 

closer to the observations than those of the Fe I 1.1976 pm  line. Although the Vieira 

values suggest a reduction of 0.83 in log g f  for the 1.1886 pm  and a reduction of only 

0.22 for the 1.1976 pm  line. We thus prefer to use the Kurucz values until improved Fe 

line data  becomes available.

The two measured Fe lines are of similar strength although interpretation of the longer 

wavelength Fe line (1.1976 pm)  is compromised for the cooler objects by its blend with a 

strong FeH absorption band. Of the hotter objects in the sample GL699, GL299, GJ1062 

and GL411 have relatively weak Fe whereas GL388 and GL123 have relatively strong 

Fe. For the cooler objects GJ1111 has strong Fe and VB10 has weak Fe. To interpret 

these relative strengths in terms of variations in metallicity and gravity is difficult given 

the overprediction in Fe line strengths. For the hotter objects a linear scaling indicates 

a spread of at least [Fe/H] = -2.0 among the sample. The cooler objects exhibit a 

similar spread in observed equivalent widths. However, the much greater sensitivity
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of the synthetic equivalent widths to gravity and metallicity below 3000 K makes any 

conclusion very uncertain.

M agnesium

Unlike Fe and K lines, the Mg I line at 1.1828 pm  can only be unambiguously observed in 

the hotter objects (Teff > 3000 K). For Teff =  3000-3500 K, Mg absorption is relatively 

strong and not seriously blended with other features. The models show a relatively large 

sensitivity to metallicity with relatively smaller sensitivity to tem perature and gravity. 

The modelled Mg line equivalent widths accord much better with the observations than 

the Fe lines and suggest a much smaller spread in metallicity than derived from the K 

and Fe lines. For the expected gravities based on Table 3.3, the equivalent widths of 

GL123, GL569A and GL388 indicate tha t they have [Mg/H] ~  +0.0, and [Mg/H] ~  -0.25 

for GJ1062 and GL411. GL299 and GL699 are significantly metal poor with [Mg/H] ~  

-0.5.

Potassium

The K features are the strongest absorption lines for all the cooler members of the 

sample. The observed trend of increasing K absorption with decreasing tem perature 

is well represented by the models. The modelled K lines are relatively sensitive to 

tem perature and gravity and less sensitive to metallicity above [K/H] = -1.5. If it is 

assumed tha t several of the sample will have metallicities close to solar then the predicted 

strengths of both K absorption lines are too strong by at least 50 per cent for the hotter 

objects and by at least 20 per cent for the hotter objects. Of the hotter objects GL123 

and GL388 have relatively stronger K absorption and so we infer tha t they are metal rich. 

Although the models predict significant differences in K absorption strength with varying 

metallicity and gravity only relatively small star-to-star differences are observed. This 

also holds for the cooler objects which apart from LHS2924 and GL406 show a smooth 

increase in equivalent width with temperature. The position of GL406 and LHS2924 

could either be interpreted as arising from [K/H] < -1.0 or from them having relatively 

high met alii city and low gravity compared to GL569B, VB10 and GJ1111.
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3 .7  D isc u ss io n

Although the large discrepancies between synthetic and observed spectra mean tha t it is 

not appropriate to assign absolute values for log g and [Z/H] based on the above line-by- 

line comparison, differential comparison of objects with similar effective temperatures 

show interesting results. We proceed by assuming the [Z/H] and log g for one or two 

of the sample at their particular Teff and use these as a starting point to evaluate the 

param eters of other objects with similar Jeff’S-

GL123 is the hottest member of the sample and together with GL406, VB10 and 

LHS2924 provides a long baseline of objects kinematically determined to be from the 

old disk. GL123’s K-line equivalent widths appear significantly low suggesting [K/H] < 

-1.0 although [Mg/H] ~  0.0. Given tha t molecular opacities are relatively unim portant 

for GL123 we might expect to model its atomic equivalent widths relatively well. The 

fact tha t we do not means that for future modelling of this kind, it will be im portant to 

test a wider variety of atomic data. To do this it will probably be necessary to digress 

from the method of Kurucz (1993) which is to re-normalise the strengths of individual 

lines so tha t the total absorption coefficient for a species is correct. It should be possible 

to select the best atomic data to match the strength of individual strong lines without 

seriously affecting the overall energy distribution.

3 .7 .1  G L 4 1 1 , G J 1 0 6 2  and  G L 5 6 9 A  (Teff ~  3500  K )

Of these GL569A shows strongest equivalent widths for all spectral features. Since 

GL569A is expected to have a slightly lower gravity which would tend to reduce its 

equivalent widths, we infer it has the largest [Z/H] by between ~  0.5 dex (based on 

the Mg line), ~  2.0 dex (based on the Fe lines) and 1.0 dex (based on the K lines). 

GL411 and GJ1062 have similar equivalent widths despite GJ1062 having an absolute 

K magnitude 1.5 magnitudes below tha t of GL411. The small modelled dependence of 

gravity on equivalent widths around Teff ~  3500 K suggests tha t GL411 and GJ1062 

have metallicities within 0.25 dex of one another. If we assume (i) tha t GL569A has 

a solar-type abundance (based on its probable young age of ~  1 Gyr, Section 3.5.4),
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(ii) tha t [Mg/H] is enhanced by ~  0.45 relative to [Fe/H] (Magain 1987, 1989) and (iii) 

taking account of the problems with the Fe atomic data, then we estimate tha t GL411 

and GJ1062 have [Z/H] ~  -1.0.

Although G411 and GJ1062 have similar space motions, such a low value of [Z/H] for 

GL411, close to GJ1062, is surprising given tha t GL411 lies on the disk main sequence, 

and GJ1062 on the subdwarf sequence, of Monet et al. (1991). The Monet et al. 

work is based on high quality photometric colours and trigonometric parallaxes for both 

objects. To verify this peculiar result it is im portant to repeat this abundance analysis 

for a larger number of lines and to investigate the differences between the M dwarf 

photometric classes, indicated by subdwarf and disk sequences, for a range of photometric 

colours plotted against Mbol. However, it must be noted tha t although space motion can 

be expected be a fair representation of dynamical encounters (history), the correlation 

of space motion with age is not necesarily reliable when only a few objects are being 

intercompared.

3 .7 .2  G L 3 8 8 ,  G L 699  and G L 299  (Teff ~  3200  K )

GL299 and GL699 are expected to have higher gravities by around 0.3 dex relative to 

GL388. However, GL299 and GL699’s relatively weak K and Fe line equivalent widths 

compared to the slightly hotter GL388 indicates tha t the increase in equivalent width 

from their larger gravities is more than offset by the decrease from reduced metallicity. 

If GL388 is assumed to have [Z/H] = -0.4±0.3 (Naftilan et al. 1992), GL299 and GL699 

have [Z/H] < -1.5 (based on K and Fe lines) and [Mg/H] ~  -1.0 (based on the Mg line) 

in order to match the theoretical equivalent widths of all the lines considered.

It was discussed in Section 3.5.4 tha t between [Z/H] =  -1.0 and -1.5 the colour 

for a given Tefi becomes increasingly blue leading to effective tem peratures, based on 

presumably solar-type [Z/H] disk stars (Section 3.5.1), being overestimated by around 

400 K at [Z/H] = -1.5. Such a correction on the equivalent width plots for GL699 and 

GL299 would suggest even lower [K/H] and [Fe/H], but [Mg/H] > 0.0. Although there is 

a well observed precedent for high [Mg/H] values in metal poor stars based on Wheeler 

et al. (1989, and references therein) it seems improbable tha t their Mg abundance’s
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are overabundant by more than ~  0.75 relative to a scaling of the solar values. If we 

accept tha t there will be a large change in the relationship between photometric colour 

and tem perature for [Z/H] < -1.5 we infer tha t GL299 and GL699 have -1.0 > [Z/H] > 

-1.5, probably closer to -1.5. Although the space motion of GL388 is not indicative of 

such a low metallicity (Section 3.5.4), both GL299 and GL699 are associated with the 

subdwarf sequence of Monet et al. As discussed in Section 3.7.1 further investigation of 

the M subdwarf sequence is necessary.

3 .7 .3  G L 4 0 6 , G J l l l l ,  V B 1 0 ,  L H S 2 9 2 4  an d  G L 5 6 9 B  (Teff <  3 0 0 0  K )

All the objects with Teff < 3000 K (referred to as cooler objects) are in the regime where 

equivalent widths have a complex dependence on metallicity (Section 3.6.3). For exam

ple, synthetic spectra for K and Fe lines with [Z/H] = -1.5 may have larger equivalent 

widths than models with [Z/H] = +0.5. However the relatively small observed scatter in 

equivalent widths compared to the hotter objects means it is unlikely tha t any of them 

have very different properties. This is because in the hotter objects metallicity and grav

ity effects would have a tendency to partially cancel out (e.g. Section 3.7.2), however, in 

the cooler objects log g and [Z/H] effects would conspire to differentiate smaller equiva

lent widths due to younger objects (high [Z/H], low log g ) and larger equivalent widths 

due to older objects (low [Z/H], high log g). The generally small observed equivalent 

widths (and small scatter), compared to the models, could be taken as evidence of youth 

(high [Z/H], low log g ), however, the lack of good absolute correspondance between 

synthetic and observed equivalent widths makes such a conclusion inappropriate.

Significant differences in relative line strengths can be seen between the individual 

K and Fe lines. This is difficult to explain as the models indicate similar sensitivities 

to model parameters and we expect [K/H] ~  [Fe/H] for solar-type [Z/H] (Wheeler et 

al. 1989). Combining the relative line strengths together, LHS2924 and GL406 have 

somewhat small equivalent widths for their effective temperatures. For GL406 this is 

reasonable because its gravity is lower by ~  0.1 in comparison to G J l l l l ,  the other 

object with Teff ~  2700 K. On the other hand LHS2924 would be expected to have 

a high log g (~  5.40), considerably boosting its expected equivalent width, and so its
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low equivalent width must result from a [Z/E] for which equivalent width declines with 

metallicity at Teff ~  2200 K, ie., [Z/H] < -1.0.

3 .7 .4  G D 1 6 5 B

GD165B is one of the best brown dwarf candidates. Based on observations of its white 

dwarf companion, Dahn (1994, private communication) has improved its distance deter

mination and has found it to be even less intrinsically luminous than previously deter

mined. Its luminosity is now determined to lie at the bottom  of the luminosity error 

bar (log L /L q =  -4.15) in fig. 5.2 of Chapter 5. This implies tha t it is likely to be a 

brown dwarf if it is younger than 5 Gyr. This analysis is based on the Burrows et al. 

models which predict the lowest luminosities for low-mass stars. Interpreted within the 

models of Nelson et al. (1993) or D ’Antona & Mazzitelli (1994), GD165B lies in the 

brown dwarf regime, no m atter what its age.

The spectrum of GD165B presented in Fig. 3.3 is not of high enough signal-to-noise 

ratio to be properly inter-compared with the other spectra. Nevertheless it is instructive 

to see tha t the equivalent widths of the strong K features are very much in line with 

those expected based on the synthetic spectra or extrapolations of the observed spectra. 

This implies tha t its [K/H] > -1  and thus it is unlikely to be especially old. It thus seems 

tha t based on the current data there is only a small param eter space where GD165B can 

be a low-mass M dwarf rather than a brown dwarf.

Spectra taken in the far-red region by Kirkpatrick et al. (1993) showed GD165B not 

to be an obvious progression in spectral type from late-type M dwarfs. Spectra over 

a similar spectral region by Jones & Miller (1995, in preparation and Chapter 6.1.1) 

confirm this. Kirkpatrick et al. suggested tha t the cause was an absorption band due 

to an unknown molecular opacity. However the infrared spectra observed for this paper 

and those from 1 to 2.5 pm  at lower resolution by Chapter 2, show no evidence for 

unidentified bands. It is likely tha t the unidentified far-red band arises from absorption 

by VO bands, expected in this region but not as yet well modelled. It is also possible tha t 

it arises from dust formation in the outer layers of the atmosphere, although preliminary 

models using dust opacities from Alexander & Ferguson (1995) indicate tha t when dust
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forms its very high opacity means tha t very small quantities will dominate the opacity 

veiling the spectra in the far-red as well as the near-infrared.

3 .7 .5  N L T E  effects?

In Section 3.3 we cautioned tha t NLTE effects are not included in the models. Based on 

the studies of NLTE effects for Li I for Teff = 4500-7500 K, log g = 0.0-4.0, [Z/H] = 0.0 to 

-3.0, Carlsson et al. (1995) showed NLTE effects to be largest (~  0.05 dex) at the highest 

gravities and the lowest temperatures (and at the extremes of met alii cities), ie. the 

realm of this study. From Carlsson et al. and preliminary NLTE study of cool dwarfs by 

Hauschildt & Allard (1995, in preparation), we expect tha t weak chromospheric emission 

would flatten the cores of spectral lines, thus producing smaller observed equivalent 

widths than calculated in the modelled absorption features. This effect can be seen in 

fig. 28 of Allard (1990) which demonstrates core reversal in the Na I doublet at 0.589 

pm  of GL866, although no sign of core reversal is seen for the 2.21 pm  Na I doublet by 

Jones, Longmore, Allard & Hauschildt (1995, in preparation and Chapter 6.1.1). The 

lack of NLTE effects in the infrared data is probably due to the chromosphere being 

much hotter than the photosphere. The fact tha t observed lines in Fig. 3.4 do seem 

weaker than the models might be taken as evidence for NLTE effects. Although it is 

likely they are present, there seems scant supporting evidence tha t NLTE effects are 

responsible for the full difference. If chromospheric emission is playing an im portant role 

we would expect it to have largest effect in the strongest lines where unit optical depth is 

reached at the highest regions of the photosphere. However, the observations show tha t 

it is the weaker Fe lines which appear to have equivalent widths most discrepant from 

the model predictions. We consider tha t any NLTE effects are smaller than uncertainties 

in the atomic and molecular data used for calculating the model grid. The inclusion of 

light elements in NLTE to PHOENIX has recently been completed and will be presented 

in a study of NLTE effects in M dwarfs (Hauschildt, Allard, Baron & Schweitzer 1995, 

in preparation).
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3.8  S u m m a ry

The preceding analysis has showed tha t the p h o e n i x  synthetic spectra for M dwarfs 

can be used to infer parameters for M dwarfs from comparisons with observed spectra. 

Although the interpretation of the observed spectra is hampered by the lack of basic 

atomic and molecular input data rather than observational signal-to-noise ratios we can 

draw the following conclusions.

• All the stronger lines and some of the weaker lines in the synthetic spectra appear 

in the observations. The synthetic spectra give a representation of the overall spectral 

features which has not been possible in previous comparisons with M dwarf spectra.

• Although the absolute strength of the modelled atomic lines is in many cases 

discordant with model predictions, the observed and synthetic lines show a similar change 

in strength across the M dwarf regime which enables a differential comparison between 

the tem peratures, metallicities and gravities for the observed spectra.

• The analysis of the hotter objects in the sample (>  3000 K) indicate a wide range 

of metallicities. Assuming that GL123 and GL388 have [Z/H] ~  -0.5 and GL569A has 

[Z/H] ~  0.0 we find [Z/H] ~  -1.0 for GL411 and GJ1062 and [Z/H] ~  -1.5 for GL699 

and GL299.

• The analysis of the cooler objects in the sample (<  3000 K) indicate them to have 

similar metallicities, presumably solar, except for LHS2924 which is likely to be metal 

poor by around -1.0 dex.

• The comparisons suggest a similar spread in metallicities to tha t anticipated, al

though for our sample neither kinematic motion nor membership of a particular pho

tometric class are, on their own, reliable indicators of metallicity. This means it is 

im portant to repeat this abundance analysis for a larger number of lines and to investi

gate the differences between the subdwarf and disk sequences for a range of photometric 

colours using longer wavelength baselines plotted against Afbol.

• There is a much greater spread in observed line strengths between the hotter M 

dwarfs than between the cooler ones, although for a similar spread in metallicities and
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gravities the models predict the reverse. Members of both subsets were broadly chosen 

to represent the extremes of their spectral type. Although this is only a small sample of 

cool objects, the results are consistent with the hypothesis tha t the latest M dwarfs are 

subject to different selection effects and are relatively young. However, we find no strong 

evidence tha t any of the sample have sufficiently low-gravities to clearly distinguish them 

as young and thus compelling candidates to be young cooling brown dwarfs.

• The models highlight an effect first shown by Allard (1990) tha t atomic lines in 

cooler M dwarfs (<  3300 K) do not show the intuitive behaviour of atomic lines decreasing 

in strength with decreasing metallicity. In cool M dwarfs the sensitivity of atomic line 

profiles to increases in pressure indirectly resulting from lower metallicities are more 

im portant than decreases in atomic number density. This effect is prevalent down to 

[Z/H] rsj — 1.5 and complicates the interpretation of line strengths in cool stars.

• In the spectral region 1.16-1.22 p m all atomic and molecular features show a 

strong sensitivity to temperature, especially the K lines. Metallicity and gravity effects 

are relatively much smaller. For the hotter stars, Mg and Fe absorption lines are the 

most useful discriminators between gravity and metallicity. For the cooler objects the 

complicated dependence of metallicity on line strengths makes quantitative interpretation 

of the most sensitive lines, K and Fe, more difficult.

• We find strong evidence tha t [Mg/H] does not scale with [K/H] or [Fe/H] for low- 

mass stars, in agreement with results for higher mass stars.

• Comparison between observed and synthetic spectra for GD165B indicate tha t 

[K/H] > -1 . This together with a improved distance measurement for GD165B leaves 

only a small param eter space for it not being a brown dwarf.

• Kirkpatrick et al. (1993) suggest tha t their 0.7-0.9 pm  spectrum of GD165B shows 

evidence for missing opacities. Our analysis shows no evidence for missing opacities from 

1.16 to 1.22 pm.  We suggest tha t the “missing opacity” maybe VO and FeH transitions 

which have yet to be characterised.

• These comparisons emphasize the need for an FeH line list.
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• We find no strong evidence for NLTE effects being im portant in the analysis of 

spectra from 1.16-1.22 pm.

• Although this analysis was hampered by uncertainties in atomic and molecular 

input data, the large sensitivity of equivalent widths in M dwarfs means tha t with new 

line lists and improvements in the treatm ent of line lists determination of absolute M 

dwarf parameters from infrared data such as tha t presented here should soon be possible.



C h a p ter  4

Water vapour in cool dwarf stars

Comparisons are presented between observed and synthetic spectra for water vapour 

transitions in a range of M dwarfs. The observations are from 2.85 to 3.40 //m, where 

water vapour transitions are strong in cool stars but relatively weak in the E arth ’s atm o

sphere. The synthetic spectra include pioneering ab initio  calculations for ro-vibrational 

lines arising from water vapour transitions.

• These results strongly suggest tha t water vapour transitions are not pressure broad

ened sufficiently to overlap as previously assumed when modelling molecular transitions 

in cool dwarfs using the Just Overlapping Line Approximation. We dem onstrate tha t this 

result is likely to explain much of the past discrepancy between observed and theoretical 

spectral energy distributions for M dwarfs.

• W ithin the uncertainty of the calculation the predicted strengths and positions of 

the water transitions accord with observation. Both the observed and synthetic spectra 

are strongly sensitive to tem perature but not to metallicity or surface gravity.

• Formally, we find a similar effective temperature scale to tha t proposed by Kirk

patrick et al. and Bessell. However, since the molecular opacity at the peak of the flux 

distribution is not well determined, uncertainties in the model atmosphere structure and 

the effective tem perature scale remain.

67
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4.1 In tr o d u c tio n

Molecular absorption bands have been used as a diagnostic of spectral type since the 

1860’s. TiO was first identified as the dominant feature in optical spectra of cool giants 

(Fowler 1904). Over the last 30 years, diatomic molecules have been included in detailed 

calculations of stellar opacity. The success of these studies and a desire to understand 

cooler objects means tha t attention is starting to focus on the incorporation of accurate 

data for triatom ic molecules. The most im portant is water.

M dwarfs are the dominant stellar population in the Galaxy. They emit the bulk of 

their radiation at near-infrared wavelengths where water vapour is the principal source 

of opacity in their atmospheres. The shape of the water absorption bands means tha t 

their energy distributions do not resemble the blackbody curves which are shown by 

hotter stars across the near-infrared. The lack of accurate water vapour data  available 

for inclusion in model atmosphere codes has meant tha t synthetic and observed spectra 

do not match well enough for the derived parameters to be trusted (e.g. Tinney, Mould 

& Reid 1993). This has led to a number of different empirical techniques to determine 

the effective temperatures of M dwarfs. These have yielded a wide range of effective 

tem perature scales. A model atmosphere calculation which properly accounts for water 

vapour will yield an unambiguous effective temperature scale for M dwarfs. Over the 

last ten years many papers have discussed the discovery of candidate brown dwarfs. Yet 

without an accurate effective temperature scale for M dwarfs it has not been possible to 

distinguish whether they are brown dwarfs or late-type M dwarfs.

For effective temperatures applicable to cool star atmospheres (<4000 K) it is nec

essary to cover the band origins of water up to 30,000 cm-1 and angular momentum 

states up to J  =  55 (30,000 cm-1 ) above the ground state. Such a calculation requires a 

significant investment of time on the most powerful computers currently available. Be

fore undertaking such a large investment of computer time a preliminary calculation of

8.4 x 106 transitions including states up to J  = 30 was made (Schryber, Miller & Ten

nyson 1995) and band origins up to 10,000 cm-1 . This preliminary water line list has 

been incorporated in the PHOENIX model atmosphere code (Hauschildt 1991; Allard et 

al. 1994; Hauschildt et al. 1994; Hauschildt et al. 1995). The following work compares
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t h e  l a t e s t  v e r s io n  o f  PHOENIX in c lu d in g  t h e  p r e l i m i n a r y  w a t e r  l in e  l is t  w i t h  h ig h  q u a l i t y  

o b s e r v a t io n s  o f  s t e l l a r  w a t e r  v a p o u r .

The preponderance of water vapour in the E arth ’s atmosphere makes it very difficult 

to observe its spectral signature in stars. At near-infrared wavelengths, where cool 

stars emit most of their flux, the strongest water vapour absorption band for cool stars 

is centered around 2.65 pm  where the atmosphere is opaque. However, all molecular 

bands become narrower towards lower effective temperatures as less of the higher ro- 

vibrational states are occupied. Because M dwarfs are an order of magnitude hotter 

than the atmosphere, ground-based observations can be made in the wings of this band. 

Transitions of a weaker band at 3.17 pm  are also observable. We considered tha t the 2.65 

and 3.17 qm bands were more appropriate for this part of our study than the bands at

1.4 and 1.7 pm  because they are affected less by the low energy cut-off of the calculations.

The observations and data reduction procedures are reported in Section 4.2. The ab 

initio  calculations are discussed in Section 4.3. Comparisons with other water vapour 

opacity datasets are made in Section 4.4. The model atmospheres are presented in 

Section 4.5. Section 4.6 compares the observed and synthetic spectra.

4 .2  O b serv a tio n s

We observed a range of M dwarfs -  VB10 (M8V), GL406 (M6V), GL699 (M3.5V) and 

GL411 (M2V). They were chosen because they have been the subject of many previous 

studies of M dwarfs (e.g. Chapter 2) and because they form a sample whose space motions 

and colours indicate they cover a wide range of effective tem perature, but probably a 

narrow range in met alii city.

The observations were made on the nights of 21-23 April 1993 with the Cooled 

Grating Spectrometer 4 (CGS4, Mountain et al. 1990) on the UK Infrared Telescope 

on Mauna Kea, Hawaii. CGS4 used a 58 x 62 InSb array which was moved in the focal 

plane in order to over-sample the spectrum. Comparison sky spectra were obtained by 

nodding the telescope so that the object was measured successively in two rows of the 

array, separated by 30 arcsec (10 rows on the array).
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Table 4.1: The target objects were corrected for atmospheric transmission and flux calibrated 

using the standards listed above. The spectral types are from Hoffleit & Jaschek (1982), their 

effective temperatures were obtained from the Teff -  spectral type and colour relations of Johnson 

(1966) and Schlosser, Schmidt-Kaler & Milone (1991).

Object Standards Types Tefi (K)

GL411 BS4345, BS4294

GL699 BS6797, BS5304

GOV, A5III 

F5V, F9IV

6030, 8100 

6440, 6060

GL406 BS4294, BS4386, BS4345 A5II, B9.5V, GOV 8100, 10000, 6030

VB10 BS7235 A0V 9400

The 150 line m m -1 grating was used with central grating wavelengths of 2.94, 3.12 

and 3.30 pm.  These grating positions enable complete coverage from 2.86 to 3.40 pm  

at a resolution of around 1000. Observations were also made with the 75 line m m -1 

grating at a central wavelength positions of 3.12 jiim giving a resolution of around 500 

and covering 2.94-3.34 pm. This was done to check the reproducability of features in 

a little used spectral region and to ensure that accurate spectral overlaps were made 

when joining different spectral regions together. The high therm al background in the 

2.86-3.40 pm  region meant tha t a number of short integrations (0.5-2.0 s) were made 

and coadded together. For the faintest object VB10, total on-chip integration times at 

each grating position were around 1 hour; for the brighter objects, GL411, GL699 and 

GL406, they were around 30 mins.

4 .2 .1  D a t a  R e d u c t io n

In the reduction of spectra, the same procedures as in Chapter 2 have been followed. All 

observations were calibrated by taking short exposures of an argon lamp in the CGS4 

calibration unit. This procedure is typically accurate to 0.1AA (Puxley, Ramsay & Beard 

1992), where A A is the instrumental resolution. The observed spectra were taken in a 

region where there are about a half as many arc lines as normally available and so a
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Wavelength in microns

Figure 4.1: To check the reproducability of the spectra in this little used spectral region a number 

of the observations were repeated. Observations of GL406 at the same grating position taken on 

21 April and 23 April 1993 are shown.

wavelength calibration error of 0.2AA is more realistic. The wavelength calibration was 

checked by comparing the wavelength scale from the 75 line mm -1 grating with tha t 

from the 150 line mm-1 grating. They were found to agree to within 0.0006 pm  (0.1 AA 

of those from the 75 line mm-1 grating).

Stars from The Bright Star Catalogue (Hoffleit & Jaschek 1982) were used as stan

dards to remove the effects of atmospheric absorption; these are given in Table 4.1. We 

found them to be featureless and to be well described by a Rayleigh-Jeans energy distri

bution appropriate to their effective temperature. All observations were made in good 

conditions (better than 1 arcsec optical seeing) and the airmass difference between object 

and standard never exceeded 0.05. Thus we believe the spectra have excellent cancel

lation of atmospheric features. The observations were repeated on subsequent nights 

to check the cancellation of atmospheric features and the reproducability was found to 

be good. An example is shown in Fig. 4.1 of GL406 (fully reduced) taken on different 

nights. Fig. 4.2 (a,b,c) shows a spectral sequence ranking the M dwarfs based on the 

strength of water absorption features from 2.85 to 3.4 pm  for each of the 150 lines m m -1 

grating positions.
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Figure 4.2: Spectral sequence for each 150 lines/m m  grating position (a) a t 2.94 /¿m, (b) a t 3.12 

pm  and (c) a t 3.30 pm. In plot (c) the region around 3.32 pm  has been interpolated over in the 

region where the atm osphere is opaque due to a strong m ethane band.
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4.3  C a lcu la tio n s  o f  ab in it io  w a ter  va p o u r tr a n s it io n s

At low tem peratures water vapour absorption is very thoroughly studied. However little 

reliable data  on hot water (above 1000 K) is available. Over the last decade a number of 

groups (e.g. Tennyson 1986; Spirko et al. 1985; Carter & Handy 1986) have developed 

techniques for calculating triatomic energy levels based on variational techniques. In par

ticular, Sutcliffe & Tennyson (1986) have produced a ro-vibrational Hamiltonian which 

is exact within the constraints of the Born-Oppenheimer approximation (which decou

ples electronic from nuclear motion in a molecule) and the limitations of the electronic 

potential energy surface.

The Sutcliffe-Tennyson kinetic energy operator directly relates the Cartesian posi

tions of the nuclei of a triatomic molecule to a set of internal coordinates comprising 

two radial coordinates and the included angle. Rotation of the molecule-fixed internal 

coordinates in the laboratory frame is carried by the usual standard rotational matrices. 

The kinetic energy operator makes no a priori assumptions about ro-vibrational separa

tion or equilibrium geometry. The method is described in Tennyson, Miller & Henderson 

(1993).

The ro-vibrational wavefunctions were calculated by using a suite of programs known 

as TRIATOM (Tennyson, Miller & Le Seur 1993). The suite contains modules to calculate 

ro-vibrational transition frequencies and line strengths from dipole moment surfaces. 

Wavefunctions and energies were generated using the best then available water potential 

Jensen (1 9 89 ).  Transition intensities were obtained using the program D IP O L E 3  (Lynas 

Gray, Miller & Tennyson 1995; Tennyson, Henderson & Fulton 1 995 ) and the dipole 

surfaces of W attson & Rothman (1992 ).

The calculation includes angular momentum states up to J  =  30. All band origins 

up to 11000 cm-1 above the ground state are included as well as many, but not all, 

higher ones. This energy cut off is too low to include all the transitions expected at cool 

star tem peratures and shortward of around 2 pm  the calculation does not give a good 

representation of stellar energy output (Allard et al. 1994). For longer wavelengths where 

higher energy transitions are relatively less im portant the calculation is expected to be
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much more reliable. This gives us confidence tha t the spectra observed for this study 

from 2.86 to 3.4 pm  should be well represented by the calculation. The comparisons 

presented here extend Miller et al. (1994) where the observed spectra were compared, 

without the use of a model atmosphere, to an earlier, less complete, generation of the 

calculation.

4 .4  C o m p a riso n  w ith  o th er  w a ter  o p a c ity  d a ta se ts

W ater was the first triatomic molecule to be included in a stellar atmosphere calculation 

(Tsuji 1967) and for 15 years remained the only one. The most frequently used source 

for water opacity is Ludwig (1971), whose data were obtained to assess the heating effect 

of radiation by hot water vapour in exhaust fumes from large rockets. Ludwig and co

workers measured the absorption of water in a flame between 1000 and 3000 K and hence 

tabulated absorption coefficients for water from 1.1 to 10 pm,  albeit with low resolution. 

In Fig. 4.3 a comparison between Ludwig’s experimental data and the ab initio  data 

is shown. The strength of the water absorption from 2.85 to 3.2 /jm, obtained for this 

work, can be seen as intrinsically very strong. The ab initio  water plot has been made 

from a subset of 6000 strong transitions and scaled to appear similar in amplitude to 

the laboratory data, though its much higher resolution means Fig. 4.3 is not a proper 

comparison of the band intensities. For a full intercomparison of the ab in itio , Ludwig 

and HITRAN (Rothman et al. 1992) datasets we refer to Schryber, Miller k  Tennyson 

(1995).

The Ludwig data have been widely used for the computation of cool star atmospheres, 

although other laboratory results, the ab initio  line list used here and observations of cool 

stars themselves cast serious doubts on its accuracy. The Ludwig band strengths were 

derived by integrating the measured spectral emissivity of hot water vapour assuming 

tha t the fine structure of the spectrum is smeared out at high electron temperatures. 

Yamanouchi k  Tanaka (1985) find tha t this assumption is not always valid and show 

large differences for the strengths of the 1.1 and 1.4 pm  bands between the Ludwig 

data and their work (in agreement with Goldstein 1964 and Burch k  Gryvnak 1966). 

Schryber et al. (1995) find a similar mismatch with their calculation of the 1.9 pm  band
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Figure 4.3: Comparison of Ludwig (1971) absorption coefficients for water vapour and those from 

the ab initio calculations at 3000 K. The band origins of the various features that make up the 

water vapour absorption coefficient are marked in the figure.

and suggest that Ludwig’s results overestimate the absorption coefficient of water over 

the entire 1-2 gm region at higher electron temperatures.

Comparisons between synthetic and observed spectra for M dwarfs also indicate prob

lems with the Ludwig dataset. The models of Mould (1976), Allard (1990), Ruan (1991), 

Tsuji (1994) and Brett (1995) which all use the Ludwig water opacities cannot simulta

neously reproduce observed spectral energy distributions and absorption bands due to 

water vapour. For an effective temperature derived on the basis of spectral energy distri

bution the models all overestimate the importance of water vapour. This has prompted 

Brett (1995) to arbitrarily decrease the absorption coefficient for the Ludwig opacity 

data by a factor of three in a new set of cool dwarf models.

4.5  M o d e l a tm o sp h eres

We use the model atmosphere code p h o e n i x , version 4.9, to compute model atmospheres 

and synthetic spectra for cool dwarf stars. Its application to M dwarf atmospheres is 

described by Allard et al. (1994) and Allard & Hauschildt (1995). Here we draw attention
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to the im portant assumptions relevant for this study.

• Since the gravities are high (log g ~  5), the atmospheres can be well approximated 

as plane-parallel.

•The velocities of the convection cells are too small to be detected in low-resolution 

spectra and will have a negligible influence on the transfer of radiation and so the effects 

of convective motion on line formation are neglected (Allard & Hauschildt 1995).

•A treatm ent for molecular line broadening due to collisional processes, for example 

with H2 and H-  is not included. The line broadening for molecules is treated by altering 

£(molec), the isotropic micro-turbulent velocity for molecules caused by pressure and 

turbulent broadening, throughout the model structure. We investigate the effect of 

changing £(molec) in Section 4.6.1.

•Non-Local Thermodynamical Equilibrium (NLTE) effects are neglected. Although 

we are not aware of any research on their importance for water vapour transitions, 

complex molecules have many pathways for any given population to thermalise and so 

NLTE effects probably play only a small role.

The major difference between models presented here and those in Allard et al. and 

Allard & Hauschildt is the inclusion of new data for TiO which has allowed it to be treated 

using the opacity sampling technique rather than the less reliable Just Overlapping Line 

Approximation (JOLA) technique (Tsuji 1994). Jorgensen (1995) has calculated a line 

list for TiO comprising 12 million lines. The new treatm ent of TiO has the effect of 

reducing the effective temperatures derived by comparison of a previous generation of 

these model atmospheres (Kirkpatrick et al. 1993a) around 1 pm  by around 150 K 

(Chapter 3). We thus consider the lack of molecular line lists for the other primary 

sources of opacity, VO and FeH, to be large uncertainties in the calculation of represen

tative synthetic spectra for cool dwarf stars. However the inclusion of high quality line 

lists for the TiO and H20  means that we expect tha t the dominant opacity over much 

of the peak of stellar energy distribution is well accounted for.

A small grid of synthetic spectra were calculated. We distinguish the different models 

using the notation, lteTT-G .G -Z.Z.I.D , where lte = local thermodynamic equilibrium
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assuming £(LTE) = 2 km /s, TT = Tefr/100, G.G = log g (surface gravity), Z.Z =  [Z/H] 

(metallicity), where [Z] =  log Zstar -  log ZQ for any abundance quantity Z, and I.D = 

batch number (ir3.7 for £(molec) =  2 km /s and ir3a.7 for £(molec) =  50 km /s). For 

£(molec) = 2 km /s, models were calculated for Teff =  2000, 2500, 3000, 3500 K, log g 

= 5.0, [Z/H] = 0.0 and Teff =  3000 K, log g = 4,0, [Z/H] =  0.0 and Teff =  3000 K, log 

g = 5.0, [Z/H] =  -1.0. Models were also calculated for £(molec) = 50 km /s for Teff = 

3000, 3500 K, log g = 5.0 and [Z/H] =  0.0. Fig. 4.6 shows comparisons with models of 

different effective temperature, metallicity and gravity over a similar wavelength range 

to the observations. These are discussed in Section 4.6.2.

4.6  S p e c tra l A n a ly s is

The models were calculated at a resolution of 5xl0~5 pm  and were transformed to the 

instrum ental resolution by smoothing with a block function to mimic the effect of being 

detected by the square pixels used by the infrared detector of CGS4 and resampling to 

the same oversampling (x3) as employed for the observations. This was performed using 

routines within the KAPPA (Currie 1992) and SPECDRE (Meyerdierks 1993b) packages.

4 .6 .1  L ine  B r o a d e n in g

Detailed line profiles can be modelled for atomic lines because their damping constants 

are known, but they they are not known for molecular transitions. Atomic lines computed 

with Voigt profiles and Van der Waals pressure broadening give an averaged full width 

half maximum of around 50 km /s. Initially this broadening was used to simulate the 

line broadening for water vapour transitions by setting £(molec) = 50 km /s. Although 

the ‘true’ microturbulence is expected to be close to 2 km /s (the speed of sound is 6-8 

km /s) with this generation of models setting £(molec) = 50 km /s is the most practical 

way of allowing for the pressure broadening of water vapour transitions. Models with 

£(molec) = 2 km /s, no pressure broadening, were also calculated. In Fig. 4.4, GL411 

and GL406 are compared with 3000 and 3500 K models for £(molec) =  2 and 50 km /s.

The £(molec) = 50 km /s models predict enhanced strengths of water absorption
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Wa v e l e n g t h  in m i c r o n s

Wa v e l e n g t h  in m i c r o n s

Figure 4.4: Com parison between observed and synthetic spectra from 2.86 to  3.4 pm  using 

£(molec) =  2 and 50 k m /s  models: for (a) GL411 with 3500 K models and (b) GL406 with 3000 

K models.
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bands across the entire spectral region, particularly from 3.2 to 3.4 pm. To match 

the strengths of the water bands with the £(molec) =  50 km /s synthetic spectra it is 

necessary to increase the best lit effective temperatures by 200-800 K depending on the 

spectral region, effective tem perature and adopted effective tem perature scale. Doing 

so leads to a much poorer fit to the overall continua. The lack of agreement suggests 

tha t the damping constants of water (and therefore possibly all molecular lines), which 

are unknown, must be smaller than the damping constants of the average atomic lines. 

Alternatively water vapour lines form higher in the photosphere in regions of lower 

pressure. To test the la tter hypothesis the model structure was investigated. For the 

2500 K model it shows tha t the strongest water lines form in the outer parts of the 

atmospheres at gas pressures around 103 dyn/cm 2, the bulk of the water lines form 

around gas pressures of 5xl04 dyn/cm 2 whereas weak atomic lines form much deeper, 

around gas pressures of 106 dyn/cm 2. The formation of water lines at relatively low 

pressures explains why the broadening provided by the microturbulent velocity alone 

gives sufficient line broadening to match the observed spectra.

Previous models of M dwarfs have generally assumed tha t the high densities prevalent 

in their atmospheres mean that molecular lines are smeared together by their large 

pressure broadening (JOLA, e.g. Tsuji 1994). However the water band strengths in Fig.

4.4 and new examination of the model structures indicate low pressure broadening and 

suggest tha t flux is escaping between the water vapour line transitions, undermining the 

use of the JOLA approximation for water vapour transitions in cool dwarf atmospheres. 

The reduction in opacity caused by water vapour lines forming at lower pressures leads to 

weaker band strengths. This result is likely to explain much of the apparent overestimate 

of molecular band strengths in synthetic spectra for M dwarfs (e.g., Persson, Aaronson & 

Frogel 1977, Reid & Gilmore 1984, Ruan 1991, Tinney et al. 1993, Brett 1995). In Fig.

4.5 we show 2500 K models for £(molec) = 2 (solid line) and 50 (dotted line) km /s . The 

much weaker water bands seen around 1.4 and 1.9 pm  in the £(molec) = 2 km /s model 

demonstrates how im portant this effect is for modelling the spectral energy distribution 

of M dwarfs across the peak of their energy distribution.

Low values for line broadening (modelled using the microturbulence param eter) are 

clearly most appropriate for water vapour lines. The following sections are based on
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Figure 4.5: Com parison between synthetic spectra from 1.0 to 2.5 pm  using £(molec) =  2 and 

50 k m /s  m odels for 2500 K models.

models using £(molec) = 2 km /s, although this is not a proper physical approach to the 

damping problem and we do not yet know how the broadening varies between £(molec) = 

2 and 50 km /s. The model atmosphere code is now being adapted so that the molecular 

broadening will be matched to the averaged atomic line broadening throughout the 

50 layers between the “standard” optical depths of rstd =  10-10 -  102 in the model 

atmosphere. A computationally efficient method for achieving this is planned for the 

next generation of water vapour transitions.

4 .6 .2  S e n s i t iv i ty  to  m o d e l  p a ra m eters

W ater vapour is well known to be extremely sensitive to colour tem perature in M dwarfs 

(Baldwin, Frogel & Persson 1973). However, its dependence on metallicity and gravity 

differences has not been investigated. In Fig. 4.6(a,b,c) the sensitivity of the synthetic 

spectra to changes in model parameters is examined. In each of (a), (b) and (c) one model 

param eter has been changed. In the lower part of each figure two models are normalised 

to have the same mean value and over plotted; in the upper part, the models have been 

divided by one another and the result offset by the addition of 0.25. The models were 

selected so that the differences in water band strength between them were similar. To
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Figure 4.6: Com parisons between synthetic spectra showing the influence of (a) varying m etal- 

licity by a factor of ten from solar abundance ([Z/H] =  0.0) to th a t of a m etal poor s ta r ([Z/H] 

=  -1 .0 ), (b) varying surface gravity by a factor of 10 -  the expected gravity difference between 

a young ~  5 Myr, 0.2 Mq star and one on the m ain sequence (Burrows et al. 1993) (c) varying 

effective tem perature  by 100 K (equivalent to about half a spectral type, e.g. M5 to M5.5) on 

the synthetic spectra.
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divided by one another and the result offset by the addition of 0.25. The models were 

selected so tha t the differences in water band strength between them were similar. To 

reproduce a variation in water band absorption from a change in tem perature, equivalent 

to those in met alii city and gravity, it was necessary to interpolate the coarse model grid 

in tem perature. To mimic the effect of a 100 K change in effective tem perature, 2500 

and 3000 K synthetic spectra were divided by one another multiplied by 0.2 and offset. 

A similar result was found when doing the same operation with the 3000 and 3500 K 

synthetic spectra.

In Fig. 4.6(a) a 3000 K, log g = 5.0 solar model (lte30-5.0-0.0.ir3.7) is compared to 

one with a tenth of solar metallicity. This comparison represents the probable extremes 

of metallicity of our sample objects (Chapter 3) and indicates a small sensitivity to 

metallicity. In Fig. 4.6(b) 3000 K solar models with gravities of log g =  4.0 and 5.0, 

within the expected gravity difference for these objects, are compared. The plots indicate 

tha t water vapour features are not very sensitive to gravity effects. In contrast to the 

insensitivity of the spectra to metallicity and gravity, comparison between Fig. 4.6(c) 

with (a) and (b) indicates that a small change in effective tem perature (~  100 K) has 

a similar effect to tha t produced by a change of a dex in gravity or in metallicity. The 

differences between the models presented in Fig. 4.6(a), (b) and (c) are smaller than the 

night-to-night differences between measurements across this spectral region, e.g. Fig. 

4.1. W ith the observed sample, this study is not sensitive to differences in metallicity 

and gravity and so changes in water absorption strengths are treated as arising from 

differences of effective temperature between stars.

In Fig. 4.7 comparisons are made between the observed and synthetic spectra. From 

the small model grid we show the model whose water absorption bands best fit the 

observed spectra. We have interpolated between the models in the grid to give a finer 

resolution in effective temperature. The intensities of the calculated ro-vibrational bands 

accord well with the observed ones, though the positions of the bands do not match so 

well. From the comparisons made in Fernley, Miller & Tennyson (1992) band origins up 

to J  =  20 are accurate to a standard deviation of ~  0.006 pm  and those above J  =  20 

to better than 0.010 pm. These errors are considerably larger than the observational 

wavelength calibration error of ~  0.0006 pm  (equivalent to a velocity of 180 km /s) or
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The wavelength differences between the models and the observations might arise from 

a simple expansion or contraction of the wavelength scale due to a systematic error in 

the potential surface used to compute the water vapour transitions. To examine this the 

observed and synthetic spectra were cross correlated using the s c  ROSS routine within 

FIGARO (Meyerdierks 1993a). The spectra were cross correlated with one another in 0.1 

pm  intervals every 0.05 pm  from 2.86 to 3.4 pm  and the standard deviations computed. 

The observed spectra have standard deviations of typically 0.0005 pm  for the hotter 

stars as expected from the wavelength calibration errors although the discrepancies with 

VB10 are much larger ~  0.005 pm  due to its lower signal-to-noise ratio and markedly 

stronger water absorption bands. Comparison of the observations with their best fit 

synthetic spectra gives standard deviations around 0.015 pm  and no evidence for a sim

ple systematic wavelength shift between the models and observations. The wavelength 

discrepancies between synthetic and observed spectra are slightly larger than expected. 

We expect that this results from the lack of high order transitions included in the water 

line list. Although the errors on the water line list are well characterised they do not 

account for the lack of higher order transitions which means that there is an additional 

error term not included in the error estimate. As an example of the problems this can 

introduce Grevesse & Sauval (1994) find that for the accurate modelling of line shifts 

and asymmetries for the CO molecule in the Sun it is essential to include transitions up 

to very high J  levels.

2.9 2.95 3

Wavelength in microns
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Figure 4.7: Com parisons of spectra with models: (a) GL411 and a 3500 Iv model, (b) GL699 

and a 3250 K model, (c) GL406 and a 2800 K model, (d) VB10 and a 2500 K m odel. Models 

in term ediate in effective tem perature to those of the grid were created by linear in terpolation
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Table 4.2: C om parison of the effective tem peratu res indicated by th is study  w ith those found by 

recent investigations.

Object This Work Bessell Kirkpatrick et al. Tinney et al. Chapter 2

±200 K ±50 K ±125 K ±110 K ±160 K

GL411 3600 3500 >3500 3250 3471

GL699 3250 3250 - 3110 3095

GL406 3000 2800 3000 2580 2670

VB10 2750 2600 2875 2330 2506

4 .6 .3  E ffec tiv e  te m p e r a tu r e s

Both models and observations indicate that water vapour transitions are not saturated 

but continue to increase with decreasing temperature as low as 2500 K. This is in agree

ment with Chapter 2 where it was shown tha t the depth of the 1.4, 1.9 and 2.6 pm  

water absorption features increase with decreasing effective tem perature down to the 

coolest known dwarfs. Although the relatively short baseline of the observations pre

sented here means tha t the underlying continuum are not very sensitive to tem perature, 

the strengths of the water bands are sensitive, especially from 2.86 to 3.05 pm. In this 

region where the transitions are strongest we have interpolated over the model grid to 

estimate effective temperatures by overlaying a range of synthetic spectra on top of the 

observed spectra. The best fit by-eye values are given in Table 4.2 with values found by 

other recent studies of these objects. For GL411 and GL699 the effective temperatures 

are within the range found by previous investigators of whom Bessell (1991), Tinney et 

al. (1994) and Chapter 2 used methods independent of the model atmosphere calcula

tion. The effective temperatures for VB10 and GL406 are closest to those by Kirkpatrick 

et al. (1993a) and Bessell, a poorer match for those by Chapter 2 and in disagreement 

with those of Tinney et al.

The comparisons in Fig. 4.7 indicate that the molecular opacity in the observed spec

tral region is reasonably well modelled. However the models used for these comparisons
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do not have a complete inclusion of water opacity shortward of 2 pm  (Allard et al. 1994) 

and so it seems unlikely tha t the model structure can be correct. Therefore we are not 

able to set a definitive effective temperature scale for M dwarfs. This must wait for the 

completion of the full water vapour calculation and a better understanding of molecular 

line broadening.

The observational spectra presented here show good agreement with the models both 

in terms of predicted line strengths and line positions. From these comparisons and recent 

improvements in the computation, we are confident tha t a complete ab in itio  calculation 

can produce an accurate description for the transitions of hot water vapour. A new 

calculation of the water line list is underway with completion expected by early 1996. 

This list will include all energies levels up to 30 000 cm-1 with the aim tha t it will 

give an accurate representation of hot water vapour for transitions longward of ~0.2 ^m 

with convergence to better than 0.1 cm-1 . We look forward to testing the match of this 

calculation included in PHOENIX to the spectra presented here and ISO measurements 

of the sample from 2.49 to 2.85 pm.



C h ap ter  5

A new brown dwarf candidate 

from a large area infrared survey

The discovery at infrared wavelengths of a very cool field brown dwarf candidate is 

reported. It has infrared colours J  — H — 0.90T0.19, H  — K  =  0.83±0.18, compared 

with the previously-known coolest dwarf GD165B which has J  — H  =  1.01±0.05, H  — K  

=  0.64T0.05.

• Its discovery within an infrared field survey places the first lower limit on the space 

density for objects fainter than Mbol = 14 and suggests tha t the luminosity function does 

not fall dramatically into the brown dwarf regime.

• The new brown dwarf candidate is of intermediate age with a mass of 0.071- 

0.079 M0 , a temperature of 1825T300 K and a bolometric magnitude of 14.56i0.35. 

Comparisons with evolutionary models indicate tha t if it is younger than 1.5 Gyr it is a 

brown dwarf.

• Its colours are much redder than the expected colours J  -  H  = 0.70, H -  K  =  0.27 

for stars of intermediate age with masses of 0.08 M0 .

87
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5.1 In tr o d u c tio n

Brown dwarfs are objects hypothesized to occupy the mass range between the lightest 

stars ('■--'0.08 solar masses, M0 ) and the heaviest planets (~0.001 M0 ). They never be

come hot enough to sustain nuclear fusion and after their initial formation and heating 

by gravitational collapse, they develop a degenerate core and thereafter cool to low tem 

peratures. Brown dwarfs might make a significant contribution to the dark m atter in 

the Galactic disc, galactic haloes or even a background critical density (e.g. Kerins & 

Carr 1994). Large-area surveys have not identified any clear examples, and find the 

space density of stars has a maximum at a bolometric absolute magnitude Mbol ~10, 

corresponding to hydrogen-burning stars of about 0.2 M0 , and decreases to fainter lumi

nosities (Tinney 1993). Searches in young clusters, where they are expected to be hotter 

and brighter, have discovered a number of candidates (Steele, Jameson & Hambly 1993 

and Comeron et al. 1993) but their classification relies on the discrimination of cluster 

members from field objects and on reliable modelling of their rapid early cooling.

5.2  O b serv a tio n s

The new candidate brown dwarf was discovered during an infrared survey for faint red 

galaxies (Glazebrook et al. 1993). An area of 552 arcmin2 was searched to a 5cr limit of 

K  ~17.3 and R  ~23.8 with incomplete coverage to B  ~23.9, V  ~24.1 and I  ~23.6. J- 

and H-band infrared photometry and optical spectra have been obtained for all objects 

redder than R  — K  — 5. The infrared data were taken using the IRCAM instrument 

with the UKIRT at the Mauna Kea Observatory on Hawaii. Optical imaging data were 

obtained at the Isaac Newton Telescope; optical spectroscopic data were obtained with 

the Low Dispersion Survey and Faint Object Spectrographs (FOS) at the William Her- 

schel Telescope (WHT); both telescopes are at the Roque de los Muchachos Observatory 

on La Palma.

Follow-up imaging and spectroscopy revealed the object, JMG 0918-0023, to be an 

M5.5 dwarf (object A) separated from a fainter, extremely red, companion (object B) 

by 3". Object B is below the survey limit and was only discovered during the follow-up
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W avelength (A ngstrom s)

Figure 5.1: Spectrum  for A corrected for telluric absorption com pared to  M 5-M 7 dwarfs from 

K irkpatrick et al. (1991) which have not been corrected for telluric absorption. In spectral 

regions where there are telluric absorption bands this correction has the effect of increasing the 

flux. At the resolution and signal-to-noise presented here this correction is significant around 

6900 and 7600 A. The feature at 6415 A is an artefact. The scale of flux density is arb itrary , 

and an offset has been added to  separate the spectra.

observations. Table 5.1 lists the photometry of A and B. Each is discussed in turn.

5.3 D isc u ss io n

Fig. 5.1 shows a spectrum of A taken with the FOS on the W IIT together with spectra 

of mid-type M dwarfs taken with the Multiple Mirror Telescope (MMT) on K itt Peak in 

Arizona (Kirkpatrick, Henry & McCarthy 1991). Object B was too faint to be detected 

in the optical, as expected from its infrared colours. From its colours alone A could 

be classified as an M dwarf, a red galaxy or, implausibly, a giant star well beyond the 

galaxy. The presence of the strong sodium line at 8180 A identifies A’s spectrum as that 

of a dwarf rather than a giant (Kirkpatrick et al. 1991, Bessell 1991). It is unlikely to be 

young as it lacks the prominent Ha emission seen in young M-dwarf stars (Giampa,pa &
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Liebert 1986), neither is it very old as it lacks the strong CaH absorption from 6750 to 

7050 A which is used to classify subdwarfs ( [Z/H]<—1, Kirkpatrick et al. 1991). Based 

on Fig. 5.1, A resembles an M5.5±0.5 dwarf of intermediate metallicity and age.

The spectral type and colours of A indicate an absolute magnitude which can be used 

to obtain its distance. A strong constraint on its absolute magnitude comes from the 

longest-baseline colour. Interpolation of R -  K  — 5.07±0.09 within table 6 of Leggett

(1992) gives a distance modulus of 7.09±0.23 if it is an M5.5V star from the old disk 

population (1.5-6 Gyr, Eggen 1989), or 7.30±0.27 if it is an M6V star from the young 

disk population (0.3-1.5 Gyr, Eggen & Iben 1988). The young disk has a scale height of 

~100 pc whereas the old disk has a scale height of ~300 pc (Gilmore & Reid 1983). At 

a galactic latitude of +33° A is ~  150 pc above the galactic plane, and can be classified 

A as a M5.5-6V star from the interface of the young and old disk populations.

If A and B are physically associated, then their angular separation of 2.96±0.15// 

corresponds to a projected separation of 770T100 AU. Based on a visually selected 

sample (Gliese & Jahreiss 1979), of stars in M-dwarf multiple systems, Fischer h  Marcy

(1992) find tha t 3 out of 58 systems are binaries with separations between 770 and 10000 

AU and note tha t the sample is incomplete in this range. The late-type M dwarf VB8 

is one of these with a separation of 1730 AU. The colours and luminosity of B are as 

expected for a faint dwarf companion to an M5.5-6V star but it is much too faint to be 

a distant giant star. B is unlikely to be a background galaxy or an unrelated star as the 

density of galaxies and stars with K  < 18.3 and I  — K  > 3 ( /  — K  > 3  conservatively 

corresponds to R  -  K  > 5.5) is 2.4xl0-3 per 30 arcsec2 (Hu et al. 1994). Its star-like 

profile and extreme infrared colours also make this hypothesis unlikely.

If B is physically associated with A, B’s tem perature and luminosity can be compared 

with those expected from evolutionary models to determine its mass. The determination 

of temperatures for late-type M dwarfs is problematic as their spectra are dominated 

by deep bands of water vapour absorption (Chapter 2), so tha t colours are not such 

reliable indicators of temperature as they are for hotter stars. A number of different 

approaches are possible (Kirkpatrick et al. 1993a; Tinney, Mould & Reid 1993; Chapter 

2). Extrapolation of a 2nd order polynomial fit to the relation between J  - 1( colour and
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Log (Te)

Figure 5.2: HR diagram  for low-mass stars and brown dw arf candidates assum ing Mboi© =  4.75.

tem perature gives 1855±300 I< by Chapter 2, 1613±300 Iv by Tinney, Mould & Reid 

(1993) or 2262±300 K by Kirkpatrick et al. (1993b).

Model and observed bolometric magnitudes can be compared more directly than 

temperatures, radii or masses (except for short-period binaries). Although B has only 

be measured in the J, H and K passbands, the similar colours of GD165B, for which 

there is a wider range of photometry and spectroscopy (Chapter 2), enables a reasonable 

estimate for B’s bolometric magnitude. We use bolometric corrections for GD165B at 

J, Ii and K to determine a bolometric magnitude in each passband and then took the 

average of them. Using this bolometric magnitude and the distance derived for A, B 

has Mbol = 14.56±0.35. This compares with 14.91T0.26 for GD165B. Solar metallicity 

evolutionary models give 13.3, 13.9, 15.2 and 15.3 (Burrows et al. 1993) or 13.1, 13.5, 

14.7 and 15.0 (Nelson, Rappaport & Joss 1993) for the end of the main sequence at ages
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of 0.6, 1, 5 and 10 Gyr respectively.

Fig. 5.2 shows a HR diagram for late-type M dwarfs and brown dwarf candidates 

adopting the tem perature scale from Chapter 2 and the standard solar metalhcity model 

X from Burrows et al. (1993). The relation for an age of 10 Gyr is a solid line, for 0.6 

Gyr a dashed line. Dotted lines are plotted for object ages of 0.6, 1, 5 and 10 Gyr to 

show the border between objects which burn hydrogen and those which do not (0.0767 

M q ) .  Models from Nelson et al. (1993) produce a plot with masses increased by 0.0075 

M0 and luminosities increased by around 40 per cent at intermediate ages. Interpolating 

the tem perature and bolometric luminosity for the young-old disc age range (1-3 Gyr, 

Eggen & Iben 1988; Eggen 1989) within model X, JMG 0918-0023 B has a mass of 

0.071-0.079 M0 and GD165B, which is older than 0.5 Gyr based on the cooling age 

for its white dwarf companion (Becklin & Zuckerman 1988), has a mass of 0.058-0.078 

M g .  W hether they are brown dwarfs or very low-mass stars depends on the adopted 

evolutionary model and the age of the system. If they are younger than 1.5 Gyr they are 

brown dwarfs by either model; if they are 3-5 Gyr old they are (Nelson et al. 1993) or are 

not (Burrows et al. 1993) brown dwarfs; if they are older than 5 Gyr they are not brown 

dwarfs by either model. These conclusions are for solar metallicity models, however, if 

the objects are metal poor, the models predict higher tem peratures, luminosities and 

masses for the star/brow n dwarf interface, making the interpretation of these objects as 

brown dwarfs more probable.

The brown dwarf regime can also be shown by direct observational results. In Fig.

5.3 mass versus J  — K  is plotted for a sample of M-dwarfs binaries, measured using the 

infrared speckle technique, with well determined orbits and intermediate ages (old and 

young disc). We also plot dotted lines to indicate the different hydrogen-burning limits 

derived by theoretical solar metallicity models (Burrows et al. 1993; Nelson et al. 1993). 

A weighted linear fit to the objects in Fig. 5.3 below 0.2 M0 gives J  — K  = 1.02T0.28 

for a mass of 0.0767 M0 . Although mass versus J  -  K  is not expected to be a Unear 

relationship and although the ages and metalhcities of these stars may differ from the 

candidates, the large difference > 0.6 between this J  -  K  value and those observed for 

JMG 0918-0023 B and GD165B is further evidence tha t they are brown dwarfs.
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0 .5  1 1.5

(J -K )dT

Figure 5.3: J  — K  versus mass for the sam ple from Henry & M cCarthy (1993), showing also the 

colours of JM G  0918-0023 B and GD165B. The photom etric colours are on the C IT  pho tom et

ric system . The photom etric conversion for B from  the UKIRT to C IT  system  uses Casali &  

H awarden (1992) although it is expected to be unreliable as the relations are only established for

J - K  <  1.

The previous faintest constraint on the luminosity function was based on an optical 

survey (Tinney 1993) with infrared follow-up which indicated a falling function towards 

the brown dwarf regime and measured the stellar density at its faintest limit, Mbol 

= 13.75, to be 3.6±2'2X10-3 pc_3mag_1. Although JMG 0918-0023 B is fainter than 

the limit of the survey, its discovery can be used to put a lower limit of 3.1±2;gXlO“ 3 

pc-3 mag-1 (68 percent confidence) on the luminosity function for low-mass objects at 

^bol r\j 14.5. As the survey is incomplete for stars this faint, the true space density must 

be significantly greater which suggests that these objects are not as rare as would be 

expected from the extrapolation of previous work.
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5.4  L a test R esu lt

Becklin, Macintosh h  Zuckerman of UCLA plan to submit a letter to the Astrophysical 

Journal discussing JMG 0918-0023B. They have resolved JMG 913-0023B into two com

ponents which they label 0918-0023B and 0918-0023C. They find tha t their images of 

0918-0023B and 0918-0023C are extended and thus interpret them as interacting nuclear 

starburst galaxies at z ~  0.7.

W hether they are actually galaxies or two very low-mass objects in our Galaxy (in 

addition to the A component), their infrared colours are redder than those of any pub

lished galaxy or brown dwarf candidate. Further observations discussed in Section 6.1.2 

are imperative.



C h ap ter  6

Finale

6.1 F u tu re  W ork

In this thesis I have presented four of my research projects. In addition to these I have 

been working with collaborators 011 a number of others. I divide these into three sections: 

projects for which data has been partially analysed, projects for which telescope time 

has been awarded and possible exciting new projects.

6 .1 .1  D a ta  p a r tia lly  a n a ly sed

Is P C 0025-0447 a 0.02 M 0 , 108 yr old brown dwarf?

PC0025-0047 has Ha emission, a well known indicator of youth, a factor of 10 stronger 

than any known M dwarf (Schneider et al. 1991). One interpretation is tha t it is a 0.02 

M0 , 108 yr old brown dwarf, however until its distance is known such a conclusion is 

very uncertain.

Distances for nearby stars are normally measured by the method of trigonometric 

parallaxes but PC0025-0447 (V  = 23) is too faint for inclusion on existing parallax 

programs which are based on observations at optical wavelengths. We have used this as 

an opportunity to try parallax measurement in the infrared. In principle observing in

96
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the infrared overcomes a major source of error in parallax measurements which is the 

differential refraction of reference objects. The third epoch of parallax measurements 

for PC0025-0047 and the second epoch for two M dwarfs of known parallax will soon be 

made.

50 brown dw arf candidates from digitally stacked Schm idt plates

A deep survey by Hawkins (1995) based on digitally stacking Schmidt photographic 

plates in the R and I bands from ESO/PPARC field 287 has produced 40 objects in an 

area of 25 deg2 with R - I  > 3.0 which is redder than any of the previous low-mass stars 

discovered from photographic plates. We have taken spectra from 0.6-0.95 pm  of 25 of 

these which indicate tha t around 10 of them are redder than spectral type M9 (Jones & 

Hawkins 1995a). We are comparing these observed spectra with synthetic spectra from 

Allard k  Hauschildt (1995, in preparation) to discern their temperatures and metallicities 

and to place these exciting new objects on a Hertzsprung-Russell diagram.

P ossib le  identification o f  very young brown dw arf

Based on its infrared colours BRI2339-0014 has been classified as a probable giant (Tin- 

ney k  Irwin, 1994, private communications) based on optical spectra and its infrared 

colours. Spectra obtained using CGS4 on UKIRT indicate tha t it has strong water vapour 

absorption. The strength of water vapour absorption in cool stars is a basic classifier 

to distinguish M giants from dwarfs. One plausible interpretation of the observations is 

tha t BRI2339-0014 is a very young cooling brown dwarf. This allows it to have a lower 

gravity and thus a spectral energy distribution different from tha t expected for older 

low-mass stars.

Brow n dw arf candidate G D 165B

GD165B is the best brown dwarf candidate which can be observed at a reasonable signal- 

to-noise ratio without a large investment of telescope time. We have recently obtained
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0.6-0.95 /am spectroscopy and L’ photometry of GD165B. Combining this with the 1- 

2.5 /am spectra presented in Chapter 2 and a recently improved parallax (Dahn 1995, 

private communication) it will be possible to derive a much more accurate bolometric 

luminosity. This together with inferences based on spectral analyses of its peculiar 0.6- 

0.95 /am spectrum (confirming the work of Kirkpatrick et al. 1993b) will enable a much 

improved mass estimate to be made allowing an improved determination of its status as 

a brown dwarf candidate.

LH S1070 -f tw o low m ass com panions

LHS1070 was recently discovered to have two low mass companions (Leinert et al. 1994). 

A collaboration with a group based at Imperial College London who have expertise in 

infrared speckle observations should enable the masses of LHS1070 and its companions 

to be determined within the next four years. Based on the well determined parallax for 

the system the infrared absolute magnitudes indicate tha t the new objects are likely to 

have a mass substantially lower than any other brown dwarf candidate for which a direct 

mass determination has been made.

S yn thetic  line profiles for M  dwarfs

Spectra at a resolution of 20 000 of the Na I features at 2.2062 and 2.2090 /am have been 

taken for a number of the objects presented in Chapter 2. This high resolution data will 

provide an im portant template to test the ability of synthetic line profiles to determine 

NLTE effects and rotational velocities for low-mass stars.

6 .1 .2  T e le sco p e  t im e  has b e e n  aw arded  for th e  fo llo w in g  p r o je c ts

B row n dw arf candidates from digitally stacked Schm idt plates

In order to calculate reliable bolometric luminosities and effective tem peratures for the 

new brown dwarf candidates, infrared photometry, I-band parallax measurements and 

infrared spectroscopy are scheduled.
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Sub dwarfs

There are a number of M dwarfs which from optical spectra and colours appear to have 

[Z/H] ~  -2. Following Chapters 2 and 3 spectra of a sample of these will be taken from 

1-2.5 pm  to derive bolometric luminosities, effective tem peratures, surface gravities and 

metaUicities. The synthetic spectra predict tha t “metallic hydrogen” (Burrows & Liebert

1993) will be observed for the first time.

Brow n dw arf candidate?

During a program of infrared imaging of a number of globular clusters, DRVB-M01, a 

star-like object with IC -K  = 0.30±0.12 and V - K  > 4 was discovered (Buckley 1993). 

Follow up J-, H- and K- band photometry is scheduled to check whether this could be a 

serendipitous foreground brown dwarf candidate.

M ass function  o f M 4

Deep J, K imaging of M4 allows the chance to determine the luminosity function down 

to the hydrogen burning limit in one of the closest globular clusters.

JM G 0918-0023B

The discovery of the reddest known brown dwarf candidate JMG0918-0023B is presented 

in Chapter 5. A number of follow-up observations in service-mode are scheduled to 

understand better this fascinating object.

(i) K-band spectra to check the possibility tha t it is a distant M giant and to enable its 

tem perature to be derived from the strength of its CO (2.29 pm ) and Na I (2.21 pm) 

absorption features.

(ii) Due it is faintness its infrared colours are not well determined (±  0.2), however, 

the advent of the IRCAM3 shift-and-add facility on the UKIRT and the proximity (30
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arcsec) of a suitable nearby bright star mean tha t accurate infrared colours (±  0.05) may 

now be easily determined.

(iii) WHT photometry in the R- and I-bands will give a longer wavelength baseline 

allowing improved estimates of its effective tem perature and bolometric luminosity.

ISO O bservations -  P riority  1

(i) One of the major ISO open-time proposals is a survey of 25 deg2 of sky at 6.7, 15 

and 90 pm  to much fainter magnitudes than the IRAS survey. This survey has 8 per 

cent of the available priority 1 time and encompasses many of the principal aims of the 

mission. One of the numerous scientific goals of the survey is to test whether the dark 

halo of our Galaxy is in the form of brown dwarfs.

(ii) High resolution spectra of the objects observed in Chapter 4 from 2.5—2.85 pm  of 

the strongest water absorption band in late-type M dwarfs. These spectra, unobtainable 

using ground-based telescopes, will be compared to the latest generation of ab in itio  

water vapour calculations (Viti, Tennyson & Miller 1995, in preparation) incorporated 

into PHOENIX (Allard & Hauschildt 1995).

(iii) Spectra of a sample of brown dwarf candidates from 2.5 to 45 pm  (unobtainable 

with ground-based telescopes) to investigate methane and water absorption bands and 

other suspected molecular absorption bands. The strength (or absence) of such features 

will be a strong test of the model atmosphere calculations and the prevalence of dust 

formation in low-mass stars.

D E N IS survey

A European consortium has the use of a 1-m ESO telescope to survey the Southern Sky. 

The result will be the first deep large-area near-infrared survey with a high probability 

of finding brown dwarfs and more generally deriving a high quality stellar mass function. 

DENIS will provide coverage simultaneously in two near-infrared bands to a sensitivity 

limit of J  — 16.0 (3cr) and K  = 14.5 (3cr) with a spatial resolution of 3 arcsec, and
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one red band to a sensitivity limit of /  = 18.0 (3cr) with a spatial resolution of 0.75 

arcsec (Epchtein 1993). The infrared detectors are fully commissioned; the I-band CCD 

is currently being commissioned. The survey is expected to start in 1995 May and take 

five years to complete. A French team at Observatoire de Paris is responsible for the 

instrum entation and observing. Teams at Leiden and Institut d ’Astrophysique de Paris 

are responsible for data processing. The Royal Observatories Wide Field Astronomy 

Unit are providing the British effort to measure U, B and R magnitudes for the objects 

using COSMOS scans of UK Schmidt plates.

6 .1 .3  P o ss ib le  n ew  p ro jec ts

A globular cluster lum inosity function beyond th e  m ain sequence

Deep K-band imaging of NGC 6397 (in conjunction with I-band Hubble Space Telescope 

data from Paresce, Marchi & Romaniello 1995) should enable the determination of the 

luminosity function to below the hydrogen burning limit in the closest globular cluster.

Fundam ental param eters for cataclysm ic variables

Measurement of the water band head at 1.35 pm in M dwarfs with cataclysmic variables 

companions. This will give a sensitive spectral classification leading to a mass estimate 

for the M dwarf and an improved determination of the system properties.

A re th e fa intest stars young brown dwarfs?

The deep wide area survey from the stacked Schmidt plates provides large numbers of 

very low-mass stars in a relatively small area. Radial velocities are only known for a few 

low-mass stars. The development of spectrographs allowing high resolution spectra to 

be taken of large numbers of nearby objects in the same field gives the opportunity to 

determine a large number of radial velocities and properly test the possibility (mentioned 

in Chapter 3.5.2) that the latest M dwarfs have a low scale-height of ~  100 pc, more 

characteristic of a 10s yr old population (B-type stars) than earlier type M dwarfs which
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have a scale height of ~350 pc. If these radial velocity measurements are made from 

0.65-0.70 pm  it should also be possible to derive independent indicators of age for each 

star from (a) the equivalent width of H a emission (e.g. Stauffer h  Hartmann 1986), 

(b) the lithium abundance (e.g. Rebolo & M artin 1992) and (c) the CaH abundance 

(Kirkpatrick 1995).

C hem ical evolution  o f th e G alaxy and M dw arf ages

Using high resolution observations of the strength of the CO bands in M subdwarfs 

the isotopic ratios of C12/C 13 and 0 16/ 0 17/ 0 18 can be determined. The ratios are a 

sensitive probe of the composition of the material from which the star was formed. Since 

M dwarfs are not expected to have evolved in chemical composition their isotopic ratios 

offer a sensitive probe of their age and an excellent record of the chemical evolution of 

the Galaxy.

A ge o f  th e  G alaxy?

It has been realised for many years (e.g. Schwarzschild 1957) tha t for a given mass, the 

tem perature and luminosity of a white dwarf can be used to derive its cooling time. This 

means tha t the coolest white dwarfs can be used to yield a minimum age for the Galaxy. 

The Schmidt plate stack (Section 6.1.1) has turned up a number of very cool white dwarfs. 

Follow-up observations are planned to determine their distances and temperatures and 

thus place a lower limit to the age of the Galaxy.
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6.2  A n  O v erv iew
The primary goal of this thesis is to examine the properties of M dwarfs and brown 

dwarfs candidates. This is essential to understand the bottom  of main sequence and 

the brown dwarf regime. In the most basic way this is achieved by high quality obser

vations of low-mass star energy distributions in the infrared where they emit the bulk 

of their flux. These observations enable accurate bolometric magnitudes to be derived 

and dem onstrate large spectral differences between low-mass stars. The spectral identi

fication of the variety of molecular and atomic features indicate the im portant sources 

of opacity for M dwarfs and have been an im portant feedback for model atmosphere 

calculations which have improved dramatically over the last three years.

The accurate spectral energy distributions determined for M dwarfs allow more re

liable effective temperatures to be derived. Their hump-shaped energy distribution has 

in the past been a hindrance to the determination of M dwarf tem peratures and led to 

large discrepancies between the temperatures derived by different investigators. A new 

method is presented which uses the shape of the humps to determine reliable tem pera

tures. The method produces an observational HR. diagram which compares well with the 

theoretical one. This gives confidence to state tha t objects with tem peratures and lumi

nosities similar to VB10 and LHS‘2924 are not brown dwarfs unless they are very young. 

Only objects with properties akin to JMG0918-0023B and GD165B are good candidates 

for field brown dwarfs. Further spectroscopic and photometric measurements will serve 

to improve the observational error bars on the HR diagram. However, in its conventional 

form the HR diagram becomes increasingly less useful for later type M dwarfs because 

objects with masses less than around 0.09 MQ take many Gyr to reach the main se

quence. This means tha t age becomes the vital third param eter for the interpretation of 

late-type M dwarfs and brown dwarf candidates.

Model calculations for synthetic spectra do not directly include age as a free param 

eter. It must be inferred from the metalhcity and gravity appropriate to the spectrum 

under analysis. Although tem perature is easily the most im portant param eter in de

termining the strengths of spectral features in M dwarfs there is nonetheless significant 

sensitivity to gravity and metalhcity. This is investigated using the vast improvements 

in the sensitivity of infrared spectrometers and the atmospheric modelling of low-mass
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stars. Although the complex behaviour of spectral features means tha t it has not been 

possible to disentangle absolute metallicities and gravities their effects on the observed 

spectra can be seen. From the sample investigated it is evident tha t an object’s position 

on a Hertzsprung-Russell diagram is as useful an indicator of metallicity as its kinematic 

population type. To realise the potential of using metallicities and gravities to determine 

ages it will be necessary to calibrate the most sensitive spectral features for objects of 

known age. Such comparisons test the physical modelling of low-mass stars in a way 

not afforded by photometric measurements and lead to a critical examination of model 

assumptions.

The escape of flux from M dwarfs was generally expected to be modulated by low 

excitation energy atomic transitions, broadband continuum opacities and molecular tran 

sitions broadened by the high pressures prevalent in low-mass star atmospheres such tha t 

they could be treated at low resolution in a similar fashion to continuum opacity. How

ever treatm ent of the dominant opacity, water vapour, as a line list indicates tha t this is 

not appropriate. It appears that water vapour lines are formed at pressures around an 

order of magnitude higher than atomic lines. This indicates they are subject to much 

lower pressure broadening and suggests tha t water vapour transitions cannot be treated 

as effectively smeared together in low-mass stars. Smaller line broadening allows more 

flux to escape decreasing water band strengths. This result is likely to explain why 

synthetic spectra of M dwarfs overpredict molecular band strengths in low-mass objects.

Although many new ideas have emerged for the nature of the dark m atter (e.g. Carr

1994) the simple solution remains -  much of the dark m atter is made from very faint 

objects formed in the same manner as stars -  brown dwarfs. This has led to more than 

50 papers being published in the last ten years all with the overt aim of discovering 

brown dwarfs to derive the mass-luminosity function below the hydrogen burning limit 

and ascertain their contribution to the “dark m atter” . These searches have produced a 

plethora of new objects of which many have been claimed as brown dwarfs -  the candidate 

presented in Chapter 5 being arguably the best of these. This was discovered during a 

survey using a 58x62 array while many large telescope facilities are now investing in 

1024x1024 arrays. Infrared surveys have recently gained widespread credibility whereby 

large sums of European and American money is being invested in (i) 25 deg2 ISO, (ii)
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half-sky DENIS and (iii) all-sky 2MASS. One of the major scientific aims for these 

surveys is to find brown dwarfs of which they expect to find many at a variety of masses 

and ages. The large areas covered by these surveys are very promising for finding bright 

nearby brown dwarfs. Though in the shorter term the latest generation of infrared arrays 

promises the discovery of fainter candidates within several hundreds of parsecs.

Although my initial interest in this field was spurred by the quest for the solution to 

the dark m atter question, my attitude has evolved. The understanding of the properties 

of these objects can be expected to have im portant consequences in a number of areas 

of astrophysics. For example, they may reveal the chemical evolution of the Galaxy -  

to these ends an extensions of the work presented in Chapter 3 are planned (Sections

6.1.2 and 6.1.3). To understand the brown dwarf regime requires proper accounting 

for molecules and dust, both in their formation rates in different conditions and their 

contribution to opacities. The widespread interest in the brown dwarf regime is bringing 

large scale effort to bear on these problems, e.g. the water vapour calculations made for 

Chapter 4. The accurate modelling of low-mass dwarfs can be expected to lead to the 

derivation of a reliable low-mass disk mass function and high quality molecular opacities. 

Both of these are likely to be essential inputs for a theory of star formation.

Like the several other people who have written PhD ’s concerned with low-mass stars 

I am disappointed tha t I am not able to report the discovery of a standout brown dwarf. 

Though I believe we now understand low-mass dwarfs a little better and now have more 

idea of the likely spectral characteristics of a brown dwarf. In 1994 August I attended 

a workshop entitled “The Bottom of the Main Sequence and Beyond” . Many of the 

speakers expressed pessimism because the searches conducted so far have not discovered 

any standout brown dwarfs. I disagree with this point of view. None of the objects 

discovered prior to 1985 would be in most current top twenties of “Best Brown Dwarf 

Candidates” . The new large telescopes together with larger and more sensitive infrared 

detectors lead me to believe it will soon be possible to identify and to determine the mass, 

composition and age for individual brown dwarfs. Much fundamental science should 

ensue, as their impact on cosmology, star formation, galactic structure, the interstellar 

medium and molecular physics is felt. Astronomers may then be able to tackle the 

age-old challenge of extra-solar planets and the search for extraterrestrial intelligence.
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A B ST R A C T
We present a spectral sequence from 1 to 2.5 pm of M dwarfs, from G L411 (M2V) to 
the best brown dwarf candidate GD165B which is classified as cooler than M9V. This 
sequence shows the progressive importance of water absorption in the atmospheres 
of M dwarfs. We take the strength of the water absorption bands as the basis of a new 
method to derive a temperature from which we calculate effective temperatures and 
radii. We also identify many of the stronger atomic and molecular features and 
correlate their strengths with our derived temperature scale. For a given luminosity, 
this method yields temperatures close to those predicted by evolutionary models for 
low-mass stars, but not always close to those found by previous investigators. We find 
that GD165B has a temperature of 1860 + 160 K and that it is the only star in the 
sample that might be classified as a brown dwarf, but to decide its true nature a more 
accurate parallax and a representative model atmosphere will be necessary.

Key words: stars: late-type -  stars: low-mass, brown dwarfs -  infrared: stars.

1 IN T R O D U C T IO N

M dwarfs are the most common stars in our stellar neigh
bourhood, yet are also amongst the least understood, largely
due to their intrinsic faintness. Over the last decade, numer
ous surveys have been made in an attempt to derive the 
space density of stars at the bottom of the main sequence. 
Such studies have been motivated by the desire to find sub- 
stellar objects (brown dwarfs) and to understand the space 
density of such objects by extrapolating the mass function for 
objects above the hydrogen-burning limit to masses below. 
While the numbers of known faint M dwarfs and candidate 
brown dwarfs have increased dramatically, our understand
ing of their fundamental properties has not. In particular, the 
scales used to convert the optical or infrared colours into 
bolometric luminosities and effective temperature (and, by 
extension, into estimates of mass) are poorly defined. The 
interpretation has relied on (i) the assumption that the 
observed colours are monotonic in their effective tempera
ture, and (ii) a bolometric luminosity determined from spec
trophotometry and from extrapolation of a blackbody curve 
into unmeasured parts of the star’s energy distribution. 
Between 1 and 5 pm, however, where a 2500-K star emits 80 
per cent of its flux, there are four strong water absorption 
bands, and thus spectra of cool dwarf stars do not resemble

the blackbody curves which are shown by hotter stars across 
the infrared.

This deviation from a blackbody curve has implications 
for the measurement both of colour and of bolometric lumi
nosity. The early temperature determinations (e.g. Veeder 
1974) were achieved by fitting a blackbody to the observed 
broad-band colours of each star, assuming short wavelengths 
to have a certain amount of blocking and requiring the total 
flux under the blackbody curve and the bolometric lumino
sity to be equal. This technique was extended in later deter
minations where it was assumed that no significant 
backwarming occurs at 2.2 pm, and so the flux at that wave
length was adopted as a measure of the continuum emission 
from a blackbody with a temperature the same as the star's 
effective temperature (e.g. Berriman & Reid 1987). Hence 
the temperature for each star was determined from the 
blackbody curve having (i) flux equal to the observed flux at
2.2 pm, and (ii) the same bolometric luminosity. Such 
methods (Greenstein, Neugebauer & Becklin 1970; Veeder 
1974; Peterson 1980; Reid & Gilmore 1984; Berriman & 
Reid 1987; Tinney, Mould & Reid 1993) indicate a Hertz- 
sprung-Russell (HR) diagram offset by some 400 K from 
theoretical predictions. This is accepted to be an offset in 
temperature rather than in luminosity, in that many of the 
stars in the above studies have parallaxes measured to better
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than 1 per cent and so the errors associated with the 
measurement of luminosity tend to be considerably smaller 
than those of temperature. This is supported by the large 
scatter in determinations of temperature but not in the deter
minations of luminosity found by the various investigators.

In order to construct accurate luminosity and mass func
tions for these stars, it will be necessary to understand how 
their spectra behave with temperature, metallicity and 
gravity. We have taken 1-2.5 pm spectra of a sample of M 
dwarfs and brown dwarf candidates with similar metallicity 
but a range of temperature. The observations and data 
reduction are presented in Sections 2 and 3, a derivation of 
effective temperatures of low-mass stars in Section 4, an HR 
diagram in Section 5 and a discussion of trends shown by the 
strong atomic and molecular features in Section 6. The 
conclusions are highlighted in Section 7.

2 O B S E R V A T IO N S

We observed the brown dwarf candidate GD165B and a 
range of M dwarfs: LHS2924, VB10, GL406, GL699 and 
GL411. GD165B, discovered by Becklin & Zuckerman 
(1988), was chosen because its photometric colours make it 
the best brown dwarf candidate yet discovered by the numer
ous surveys for low-mass stars conducted over the last 40 
years. The others were chosen because they have been the 
subject of previous studies of M dwarfs (Veeder 1974; 
Mould 1978; Berriman & Reid 1987; Bessell 1991; Berri- 
man, Reid & Leggett 1992; Leggett 1992; Kirkpatrick et al. 
1993a; Tinney et al. 1993), and because they form a sample 
whose space motions and colours indicate approximately the 
same age and metallicity (Table 1).

Observations were made with the Cooled Grating Spec
trometer 4 (CGS4, Mountain et al. 1990) on the UK Infrared 
Telescope on Mauna Kea, Hawaii. Our observations were 
made with a 58 x 62 InSb array, which was moved in the 
focal plane in order to over-sample the spectrum. Sky sub
traction was performed by nodding the telescope approxi
mately 30 arcsec up and down the slit, ensuring that during 
alternate ‘object’ and ‘sky’ observations the star remained on 
the detector. There were two observing runs, on 1991 June 
20 and 1992 May 6-8.

The 75 line m m -1 grating was used in six different con
figurations in order to cover the wavelength range of 1-2.5 
pm with some overlap between each spectral segment. The 
coverage and resolution of the grating positions used are 
shown in Table 2. The combined spectra from 1 to 2.5 pm 
for all the objects are shown in Fig. 1, and their photometric 
colours in Table 1. For the fainter objects, GD165B, 
LHS2924 and VB10, integration times at each grating posi
tion were 20-35 min; for the brighter objects, GL411, 
GL699 and GL406, they were about 5 min. In this paper we 
have also made use of far-red spectra for all of the stars other 
than GD165B. These spectra were taken on the Multiple 
M irror Telescope (MMT), Kitt Peak, Arizona, and kindly 
made available to us by Douglas Kelly and Davy Kirkpatrick. 
The full data set and reduction procedures are described by 
Kirkpatrick, Henry & McCarthy (1991) and Kirkpatrick et 
al.( 1993a).

2.1 Standards

Stars in the spectral type ranges F 6-G 0 and A 0-5 were used 
to remove from the observations the effects of atmospheric

Table 1. P h o to m etry  and  d is ta n ce s  o f  o b se rv e d  o b jec ts . T h e  d ata  fo r  G L 4 1 1 ,  G L 6 9 9 ,  G L 4 0 6 ,  V B 1 0  and  
L H S 2 9 2 4  are tak en  from  L eg g e tt’s ( 1 9 9 2 )  co m p ila tio n  o f  p h o to m e tr y  fo r  lo w -m a ss  stars; fo r  G D 1 6 5 B  th e  data  
are from  Z u ck erm a n  &  B eck lin  ( 1 9 9 2 )  an d  T in n e y  e t al. (1 9 9 3 ) .  T h e  errors are q u o te d  as ± 0 . 0 3 ,  e x c e p t  for  
G D 16 5 B  for w h ich  th e  errors are ±  0 .0 5 . U, B  an d  V  p h o to m e tr y  is  o n  th e  J o h n so n  system ; R -  and  /-b a n d  p h o to 
m etry  is o n  th e  C o u s in s  system ; J, H  an d  K  p h o to m e tr y  is  o n  th e  C a lifo rn ia  In stitu te  o f  T e c h n o lo g y  (C I T ) system ;
L  an d  L' p h o to m etr y  is o n  th e  M a u n a  K ea  O b se rv a to r ies  sy stem  (M K O ). D is ta n c e s , d, a re  d er iv ed  from  th e  
ab so lu te  tr ig o n o m etr ic  p ara llaxes  fro m  th e  Y ale  G en era l C a ta lo g u e  o f  T rig o n o m etr ic  S tellar  P ara llaxes (van  
A lten a , L e e  &  H o ffle it , in p rep a ra tio n ), e x ce p t for  G D 1 6 5 B  (from  Z u ck erm a n  &  B ec k lin  1 9 9 2 )  and  G L 4 1 1 (from  
G lie s e  & Jah reiss  1 9 7 9 ). P op u la tio n  ty p es  are tak en  fro m  L eg g e tt (1 9 9 2 ) ,  w h er e  K IN  s ig n ifies  k in em a tic  an d  C O L
co lo u r , O D  m ea n s o ld  d isc  an d  O /H  m ea n s  o ld  d is c -h a lo  ty p e . O ld  d isc  rep resen ts  [A //H ] ------0 .5 ,  and  an o ld
d is c -h a lo  typ e  co rr e sp o n d s  to  [ A / /H ] ------1.0.

Object d (pc) Population U j Bj Vj Rj Ic Jc rr  Hen K err L o t  L ’m ko M u k ir t IRAS 12 IRAS25

KIN COL

GL411 2.535 OD O/H 10.12 8.98  7.47  6 .46  5 .32  4 .10  3 .56  3 .36  3 .20  3 .08  - 2 .7  2 .43

G L699 1.83 O/H O/H 12.54 11.28 9.55  8.34  6 .77  5 .27  4 .77  4.51 4 .2 0  4 .17  4 .2  4 .0  3 .9

G L406 2 .39  OD - 17.03 15.44 13.45 11.57 9 .39  7 .06  6 .44  6 .08  5 .73  5 .69

VB10 5 .79  OD - - 19.63 17.50 15.10 12.80 9 .90  9 .24  8 .80  8 .35  8.15

LH S2924 10.7 OD - 19.58 - 15.21 11.84 11.17 10.67 - 10.02

GD165B 36.0  - - - - - -  19.25 15.78 14.77 14.13 13.30 -
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Table 2. Grating positions used to obtain spectra in Fig. 1.

hen X range X/AX at A-cen Date Object
gm gm gm

1.04 0.95 -  1.14 349 5-7/5/92 All
1.22 1 .1 2 -  1.33 374 it All except VB10
1.40 1 .2 9 -  1.51 429 n
1.67 1 .4 6 -  1.88 255 ii "
2.03 1 .8 2 -2 .2 4 310 M "
2.31 2 .1 9 -2 .6 1 367 ii "

1.10 1 .0 0 -  1.20 305 20/6/91 VB10
1.30 1 .2 0 -  1.40 398
1.50 1 .4 0 -  1.60 460 • 1
1.75 1.56 -  1.95 268 ii

2.04 1 .8 4 -2 .2 4 312 ii

2.20 2.00 -  2.40 337 ii

absorption. Except for Paschen and Brackett series hydrogen 
lines and very weak CO bands in the G dwarfs, these stand
ards are thought to be featureless at the spectral resolution 
we used and to be well described by a Rayleigh-Jeans tail. 
All observations were made in excellent conditions (typically 
around 1-arcsec seeing), and the airmass difference between 
object and standard never exceeded 0.05. Thus we believe 
that the spectra have excellent cancellation of atmospheric 
features.

2.2 Wavelength calibration

The 1992 May observations were calibrated using a com
bination of arc lines from krypton and argon. The 1991 June 
observations (VB10) were taken without arc lines, and so use 
was made of the OH lines in the J and H  windows (as

m
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cd
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Wavelength in m i c r o n s
figure 1. A spectral sequence for M dwarfs. The various spectra have been normalized and then shifted vertically in steps of 0.5 for the 
purpose of display. The increasingly humped appearance of the spectra with decreasing spectral type (down the page) results from the 
mcreasing importance of water absorption.
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described by Ramsay, Mountain & Geballe 1992) and the 
hydrogen recombination lines in the standards. VB10 was 
calibrated using OH lines and is accurate to 0.3AA pm, 
where AA is the instrumental resolution; the other spectra 
were calibrated with arc lines and are typically accurate to 
0.1AA pm.

3 DATA R E D U C T IO N

In the reduction of CGS4 data, we have used the off-line 
CGS4 data reduction system (described in detail by Puxley, 
Ramsay & Beard 1992) together with the library of routines 
contained in the software packages f i g a r o  and s p e c d r e  sup
plied by Starlink. Identifiable Paschen and Brackett series 
absorption lines were interpolated across, before using the 
spectra of our standard stars to correct for the effects of ter
restrial absorption in our target objects. The target object 
spectra were then divided by the standard star spectra and 
multiplied by a blackbody spectrum for the temperature 
(from Popper 1980) appropriate to the spectral type of that 
standard star. In addition to the deep, broad water absorp
tion bands, the resolution of each spectrum is sufficient to 
show a number of other prominent molecular and atomic 
features. Such features are vital in determining the metal- 
licities of cool dwarf stars, which have so far only been esti
mated by using space motions and colours (Leggett 1992).

Once reduced, the overlapping spectral regions were 
joined together into 7, H  and K  spectral regions. In the

regions of overlap, the spectral features and continuum 
shape are well reproduced but the flux levels between dif
ferent spectral regions differ by 5-20  per cent. Such dif
ferences probably arise from wind shake, which causes the 
target to move out of the narrow slit (3 arcsec) during an 
observation. The overlapping spectral regions were com
bined by adjusting the flux levels of each of the spectral 7, H  
and K  bands so that the combined spectra reproduced the 
observed photometric colours. We used California Institute 
of Technology (C IT) filter profiles and atmospheric trans
mission profiles (for 1.5 mm of precipitable water vapour at 
5000 m) to ensure that the photometric J — H  and H ~ K  
colours derived from the spectra agreed with the values given 
in Table 1.

4 A T E M P E R A T U R E  SC A L E  FO R  M DW ARFS

In order for the methods of temperature determination dis
cussed in the Introduction to be successful, it is necessary to 
appeal to a representative model atmosphere, which for M 
dwarfs has frequently been that of a blackbody.

4.1 Use of model atmospheres

Allard (1990) and Kui (1991) have computed model atmo
spheres for M dwarfs. As yet, however, the models are 
not in good agreement with infrared observations (e.g. 
Graham et al. 1992; Kirkpatrick et al. 1993a; Tinney et al.

Wavelength in m icrons

F igu re  2. Absorption coefficient versus wavelength for water vapour at 1500, 2000, 2500 and 3000 K from Ludwig (1971). Wavelengths that 
are chosen have exactly equal opacity at 2500 K, but have slightly different values at 2000 and 3000 K. Crosses denote high-opacity points; 
circles denote low-opacity points.
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1993). In particular, there are considerable problems in 
modelling the 0.65-1.1 pm regions of the spectra and in the 
treatment of the dominant absorber in the infrared -  water. 
In the 0.65-1.1 pm region, the models used by Kirkpatrick et 
a!. (1993a) did not include FeH which produces a deep band 
at 0.99 pm, and were unable properly to include bands due 
to TiO e and VO (C-X) for which laboratory oscillator 
strengths have not been measured. While there are gross dis
crepancies in the 0.6-1.1 pm region, which is near the black
body peak for many of these spectra, it is problematic to 
make useful comparisons with the models in the infrared. In 
their papers, Graham et al. and Tinney et al. illustrated the 
problems and discussed the drawbacks of the models, in 
particular the use of the ‘just overlapping line approximation’ 
for water vapour absorption, which gives a mean absorption 
coefficient for 72 spectral meshes between 0.27 and 30 pm. 
New derivations of the molecular band strengths (Allard et 
al., in preparation), together with a detailed theoretical treat
ment of the water band (Miller et al., in preparation), should 
allow models and observations to be more reasonably com
pared. In the meantime, since the laboratory data for water 
absorption coefficient versus wavelength (Fig. 2, from 
Ludwig 1971) have a very similar shape to our M dwarf 
spectra, we use these absorption coefficients to derive effec
tive temperatures for our sample.

4.2 Derivation of effective temperature

At wavelengths longer than 1.34 pm, water vapour is the 
dominant opacity. Allard’s models confirm that it dominates 
over its nearest rival, H - , between 1 and 2.5 pm. The oscil
latory nature of the water vapour opacity allows us to choose 
a number of wavelengths at which the optical depths will be 
equal at a given temperature, say 2500 K. It can be seen from 
Fig. 2 that at 2000 and 3000 K the opacities at these wave
lengths are different from but still close to those at 2500 K. 
Stellar atmosphere theory tells us that we should be able to 
fit a blackbody through points of constant optical depth; 
such a fit generates a temperature T. Having found T  we can 
select slightly better wavelengths that have exactly equal 
opacities at this temperature. This can be done by interpola
tion between the water absorption coefficients. This proce
dure can be iterated until a convergence is found. In order to 
get the most reliable fits, for GD165B and LHS2924 it 
was necessary to smooth the spectra through the water bands 
to the same resolution as the laboratory data. In regions 
where water opacity is clearly not the dominant opacity at a 
chosen wavelength point, in particular for the CO bands at 
2.29-2.51 pm, it was necessary to interpolate across the fea
ture. The final value of T  is not the effective temperature, Tc. 
However, T  does allow us to calculate (R/d )2 from the equa
tion

fi= R 2F i(T)/d2,

where fx is the measured flux at one of the wavelengths, R  
the effective radius, d the distance of the object and FX[T)  
the Planck function. The effective temperature Te can now 
be found from the bolometric flux, Fbol, using

°Ti =  (d/R)2F bol,

where o  is the Stefan-Boltzmann constant. The radius can 
be assumed to be constant, as the photospheres of these

high-gravity dwarf stars are extremely thin (e.g. Allard 1990). 
We find no evidence for a difference in the radii derived from 
blackbody fits for levels of different opacity, and so consider 
this to be a valid assumption.

Except for GD165B, the bolometric flux was determined 
by combining the photometry presented in Table 1, the 
0.65-1.45 pm spectra from Kirkpatrick et al. (1991, 1993a) 
and the infrared spectra presented in Fig. 1 and beyond 2.5 
pm with spectra from Berriman & Reid (1987) and synthetic 
spectra from Allard (in preparation). For GD165B, Allard’s 
models were also used for wavelengths shortward of 1.1 pm.

Hence we derived effective temperatures for our sample 
by determining fx, FX(T)  and F bo]. We checked the validity of 
the method by repeating the fitting sequence for different 
levels of opacity. Use of wavelength points corresponding to 
lower water opacity led to slightly higher values for T  and a 
larger fx. For example, for the star GL406 shown in Fig. 3, 
using high-opacity points (0.0262 cm -1 atm -1) a constant 
opacity temperature of 2660 K is found, which gives an 
effective temperature of 2671 K; using a set of low-opacity 
points (0.01405 cm -1 atm -1) the constant-opacity tempera
ture is 2756 K and the effective temperature is 2667 K. 
Higher temperatures for all the objects were derived using 
the points of lower opacity, because the blackbody is then 
fitted to a region slightly deeper (and hotter) in the photo
sphere. The quality of such blackbody fits tended to be 
poorer than that obtained when using high-opacity points. 
The derived effective temperatures were in all cases within 
160 K of one another. Our final adopted values for effective 
temperature were found by weighting the Tc values derived 
from the high opacity by 2/3 and those derived from the low 
opacity by 1/3. The high-opacity points were favoured 
because (i) they gave the lower fitting errors, (ii) we expect 
them to be the least affected by other sources of opacity, and
(iii) they allow a longer wavelength baseline.

Our derived values for Tc, M bat and R  are given in Table 3. 
In Fig. 4 we compare our values of effective temperature and 
bolometric luminosity with those derived by previous 
authors. Our bolometric luminosities are similar to those 
found by other investigators. Our effective temperatures, 
however, are considerably hotter than those obtained by 
Veeder (1974), Berriman & Reid (1987) and Tinney et al.
(1993), but cooler than those derived by Kirkpatrick et al. 
(1993a). In Fig. 3 the blackbody corresponding to Tc lies 
virtually on top of the high-opacity curve which passes about 
mid-way between the spectral peaks and troughs. The 
method of Berriman & Reid (1987) is to solve the equation

Cf22/fboi =  F 2(Te)/oTt,

where f22 and / boI are the measured quantities, with the 
assumption that the constant C =  1. However, we find in Fig. 
3 that C <  1 and so 2.2 pm is not a point of continuum for 
such cool stars. This possibility was discussed by Berriman & 
Reid (and by Tinney et al., who chose a reference wavelength 
of 3.82 pm). The lower values of Tc found by Berriman & 
Reid can be explained in terms of C  as follows. 2 pm is close 
to the wavelength of maximum intensity of the Planck curve 
at 2000 K, so that FA(TC)«  Tj. Therefore, for an observed 
value of f2.1 lfbo\ 1 Tc C - ' and so our finding that C <  1 leads 
us to derive systematically higher temperatures than did 
these investigators. We expect that the stars’ rank order in 
temperature will be unaffected by the value of C.
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W a v e le n g th  in m i c r o n s
Figure 3. GL406 shown with the high-opacity (2660 K) and the low-opacity (2756 K) best-fitting blackbodies. The derived effective tempera
ture would lie virtually on top of the high-opacity fit. The worst-fitting point for GL406 and the other objects is the longest wavelength one, 
which falls in a regime where CO absorption dominates over water vapour absorption. We corrected for this by linear interpolation over the 
CO absorption bands.

Table 3. Fundamental parameters derived for observed stars. In 
our derivation of bolometric luminosity, we assume effective wave
lengths and flux densities for a zero-magnitude star as given by 
Berriman et al. (1992) for the U, B  and R  bands, by Tokunaga 
(1986) for V, /, 7, H, K, L  and L \  and by Berriman & Reid (1987) 
for the M  and IRAS  bands. The values of g and R are calculated 
assuming Mbo, = 4.75 and 7), = 5770 K for the Sun (Allen 1973).

Object R (R © ) M ass (M © ) g ( g o ) M ^ i  Teff (K)

GL411 0.430 0.43 2.33 8.79 3471

G L699 0.208 0.17 3.91 10.86 3095

G L406 0.149 0 .10 4.50 12.23 2670

VB10 0.103 0.085 7.96 13.30 2506

LH S2924 0.095 0.081 8.97 14.01 2219

G D165B 0.089 0.078 9.68 14.91 1856

Kirkpatrick et al. determined temperatures by com
parisons with Allard's (1990) model atmospheres, which 
show' reasonable agreement with observations from 1.1 to 
1.35 pm. However, it is difficult to trust these higher tem
peratures whilst the fit through the 0.65-1.1 pm and 
1.35-2.5 pm regions has been shown to be poor. If water 
vapour is indeed the dominant source of opacity then our

method should be reliable. Nevertheless, we note that the 
major problem with the models has been with the strength of 
the water vapour bands (e.g. Kui 1991, ch. 3.4).

5 L O C A T IO N  O N  T H E O R E T IC A L  HR  
D IA G R AM

In Fig. 4 we also plot (i) the evolutionary model from 
D ’Antona & Mazzitelli (1985), which has become the bench
mark for evolutionary models of low-mass stars, (ii) the 
extremal models from the study by Burrows, Hubbard & 
Lunine (1989), and (iii) the standard model X adopted by 
Burrows et al. (1993). Using these models, we have derived 
masses for the objects in our sample (Table 3).

Leggett (1992) classifies all the stars in our sample, apart 
from GD165B, as old disc stars. In Fig. 4 we notice that for 
masses above 0.09 M 0 the evolutionary tracks for stars 
between 0.6 and 10 Gyr are almost indistinguishable. This 
means that for all of our sample, apart from LHS2924 and 
GD165B, masses can be derived with some confidence. 
Below 0.09M 0, however, the mass of an object with a given 
temperature and luminosity cannot be determined reliably 
without first assigning an age. For example, the standard 
model from Burrows et al. (1993) predicts that an object at 
about 2090 K and L/LQ ~  1.5 x  10“4 will have a mass of 
0.065 M q if it is 0.6 Gyr old, whereas if it is 10 Gyr old then 
its mass will be 0.080 M 0. Since LHS2924 is classified as an 
old disc star and its equivalent widths do not indicate it to be
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Log (Te)
Figure 4. Derivation of mass using theoretical temperature versus luminosity for different models. The dashed lines represent the two 
extremes of the models presented by Burrows et al. (1989) at 10 Gyr. Each of the model points is marked with a small solid dot, and some 
equal-mass lines are shown as dotted lines connecting the corresponding points from models D (high opacity, low helium abundance) and E 
(low opacity, high helium abundance). The value of the mass is given to the left of the model E  isochrone. The thick solid lines are the standard 
models at 0.6 and 10 Gyr (the younger one is the slightly higher of the two) due to Burrows et al. (1993); below 0 .09M G these models are 
incremented in steps of 0.02 M0 . The thin solid line is due to D’Antona & Mazzitelli (1985), and is for 1 Gyr. All models are for solar 
abundances. Previous determinations of the temperature and bolometric luminosity for our sample of low-mass stars are plotted as open 
squares (Veeder 1974), open circles (Berriman & Reid 1987), open triangles (Kirkpatrick et al. 1993a), filled circles (Tinney et al. 1993), filled 
triangles (Kirkpatrick et al. 1993b) and stars (this paper).

younger (Section 6), we adopted the 10-Gyr model track to 
derive its mass. For GD165B the situation is slightly more 
ambiguous. Leggett’s (1992) assignments of age/metallicity 
were based on space motions which have not yet been 
measured for GD165B. However, it does have a well-studied 
companion, the cool ZZ  Ceti white dwarf G D I65A which 
had a progenitor in the mass range 1.5-6 M 0. This places 
only a loose constraint on evolution, plus cooling time-scales 
of greater than 0.5 Gyr. We can put conservative limits on the 
mass of GD165B by using models at 0.6 and 10 Gyr, that is, 
between 0.067 and 0.078M e . Burrows et al. (1993) find that 
the main sequence ends at 0.0767 M e for solar-metallicity 
objects and at 0.094 M 0 for zero-metallicity objects, so 
GD165B is a good brown dwarf candidate. To decide its true 
nature, a more accurate parallax (better than the current 12 
per cent) and an accurate model atmosphere will probably be 
necessary.

6 S P E C T R A L  F E A T U R E S

The spectra are dominated by deep broad absorption bands 
of H 20 ,  but have many other strong features, both molecular 
and atomic. The spectral identifications shown for VB10 in 
Fig. 5 come from M giants (Chauville et al. 1970), a Orionis 
(Vieira 1985) and an infrared solar line list by Hall (1980). 
Other important sources were Kirkpatrick et al. (1993a), 
Allard (1990), Kui (1991), Davidge & Boeshaar (1991, 
1993), Allen (1973), Spinrad & Wing (1969), Merrill & 
Ridgway (1979) and Kleinmann & Hall (1986). In Table 4, 
the absorption lines for which we have firm identifications 
and which are observable in all the objects are given with the 
equivalent widths measured using a b l i n e  (Robertson 1986). 
For each feature we assign a quality index to indicate the 
estimated errors of our measurement: x (±  15 per cent), y 
( ± 25 per cent) and z ( ± 50 per cent) for the brighter stars in
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Figure 5. Spectral identifications for VB10.

the sample, and 40, 60 and 80 per cent respectively for 
GD165B because of its considerably poorer signal-to-noise 
ratio. It should be noted that in absolute terms these widths 
are very tricky to determine, since all of the features 
measured are superposed at some level on molecular bands 
and in many cases also blended with other atomic lines. By 
using the same procedure for each line in different objects, 
we trust that these widths should at least be internally con
sistent. All continuum fits were based on fitting a low-order 
polynomial to the level immediately adjacent to the feature 
rather than trying to measure the equivalent widths of 
features by estimating an overall continuum level. Over
lapping atomic doublets and triplets were in a number of 
cases measured as single equivalent widths, rather than 
attempting to measure a number of blended lines. In Fig. 6 
the equivalent widths are plotted against our values for effec
tive temperature. A number of prominent spectral features 
have equivalent widths that are apparently very strongly 
correlated with temperature.

Within the uncertainties of poorly defined metallicity, the 
1 — K  colour is a reliable temperature indicator. This result 
should be useful, as it allows good temperature estimates to 
be made from I  -  K  colour alone without the need for higher 
spectral resolution. Within the same caveat for metallicity, a

number of features at higher resolution scale with tempera
ture: at low spectral resolution, the water bandhead at 1.34 
pm, the 2.05-2.15 pm gradient and the CO bandhead at 
2.29 pm; at higher spectral resolution, potassium with two 
strong doublets in the J window, FeH at 0.99 pm and VO at
1.2 pm. Particular care is needed when using features that 
occur in between the atmospheric windows. For example, 
there are a number of strong Ca lines around 1.95 pm for 
which it is especially difficult to deduce a reliable continuum. 
In addition, there are a number of features that we think are 
strongly blended with other species -  in particular, the VO 
band at 1.20 pm is probably blended with Fe and Ti.

The interpretation of atomic equivalent widths in cool 
stars is considerably more complex than in hotter stars 
because, below 4000 K, hydrogen is neutral and easily 
ionized metal elements, such as Na, Ca and K, are the major 
contributors of free electrons. Because the metallic elements 
are partly ionized, the number densities of the atomic metal
lic species are determined not only by the elemental abun
dance but also by the ionization state of the stellar 
atmosphere, so that, even for an accurate [M jH], the un
certainty in ionic abundances will be significant. Moreover, 
some metallic elements are involved in the formation of 
molecules, and the number densities of the atomic species
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Table 4. Equivalent widths for the major infrared absorption features observed in M stars.

Species X (pm) E quivalent w idths in nm  Quality

G L411* G L699 G L406* V B10 LH S2924 G D 165B

FeH 0.99 0J05 0.714 1.66 2.51 X

N al 1.1404,1 .1381 0.299 0.468 1.37 1.49 2 .26 2.40 y
KI 1.1690 0.0299 0.102 0.153 0.575 0.556 1.36 X

KI 1.1777, 1.1773 0.0559 0.157 0321 0.664 0.902 1.33 X

VO 1.20 0.0714 0.139 0.449 0.808 1.37 2 .46 y
KI 1.2432 0.0468 0.179 0.574 0.995 1.22 2.35 X

KI 1.2522 0.111 0.133 0353 0 .656 0 .790 1.81 X

Cal 1.3135 0.149 0.205 0.146 0 .176 0 .149 0.325 y
KI 1.5167, 1 .5172 0.151 0 .0896 0.211 0.261 0.459 1.28 z

Al 1 .6755, 1.6768 0.139 0 .0932 0.00153 0 .0784 0 .176 0 .829 z

Cal 1.9272 0.284 0.320 0.192 0.403 0.141 1.46 y
Cal 1.95 0.340 0.281 0.514 0.504 0.505 1.62 y
Cal 1 .987 ,1 .992 0.741 0.771 1.01 0 .919 0 .850 0 .992 z

N al 2 .2062 , 2 .2090 0.187 0.229 0.697 0.471 0.427 0.910 X

Spectra] indices

H 2O  bandhead  at 1.34 1.12 1.13 1.21 1.39 1.47 1.85 X

(1.286-1,303)/(l.338-1.356)

C O  bandhead  at 2 .294 1.07 1.06 1.12 1.20 1.18 1.27 X
(2.22-2.28)/(2.30-2.36)

2 .05-2 .15  g rad ien t 1.02 1.05 1.19 1.23 1.33 1.75 X

*Data in italics are equivalent widths measured from the Kirkpatrick et al. (1993) data set.
The Quality measure in the final column assigns an error bar to the measurement of each feature, 
x < 15 per cent, y < 25 per cent and z < 50 per cent.

are no t th e re fo re  d irectly  p ro p o rtio n a l to  the abundances o f 
the elem ents. W hereas in h o tte r stars the equivalent w idths 
of ‘w eak’ ( <  0.6 nm ) m etallic lines are insensitive to  small 
changes in nu m b er density , in coo le r stars such changes will 
affect the a tm ospheric  stru c tu re  and  w ith it the  m easured  
equivalent w idth. K ui (1991) show s tha t the separa tion  
betw een curves o f g row th ca lcu lated  w ith slightly d ifferent 
values o f [M/ H]  dram atically  increases as the tem p era tu re  
falls. F u rtherm ore , it can  be seen from  T able 3 tha t ou r 
sam ple o f stars covers a range o f g /g Q, w here g is surface 
gravity, w hich increases w ith decreasing  tem pera tu re . It is 
expected th a t m any o f the spectral fea tu res will also have 
some gravity dependence . U ntil we have investigated the 
detailed dep en d en ces o f tem pera tu re , e lem ental abundance  
and gravity on  the derived  equivalent w idth using accura te  
synthetic spec tra , o u r in te rp re ta tio n  of the tren d s ap p aren t 
from Fig. 6 in term s o f tem p e ra tu re  only m ust be trea ted  with 
caution.

7 C O N C L U S IO N S

We have derived  a new  set o f tem p era tu res  fo r M  dw arf stars 
by using the dom inance  o f w ater opacity . T h ese  tem p e ra 
tu res co rre la te  well w ith 1 - K  co lo u r and  agree w ith the 
theore tica l m ain-sequence p red ic tions fo r th e  coolest M 
stars, bu t no t w ith those found  by prev ious investigators. We 
show  that m ost a tom ic and  m olecu lar in frared  spectral 
fea tu res in M  dw arf s tars a re  sensitive to  tem p era tu re , and 
find the d ep th  o f the w ater band  at 1.34 pm , th e  strongest 
spectral fea tu re , to  b e  a d irec t in d ica to r o f tem p era tu re . It 
does, how ever, have the d isadvan tage  tha t it is m easurab le  in 
faint objects only from  a high, d ry  site. O n  th e  o th e r hand , 
the 2 .0 5 -2 .1 5  pm  g rad ien t and  the  C O  ban d h ead  at 2 .29  
pm , although no t qu ite  as p rom inen t, a re  free  o f such p ro 
blem s.
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Figure 6. Equivalent width (in nm) versus temperature (in K) for infrared features that appear in each of our sample of M dwarfs.
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A B ST R A C T
We report the discovery at infrared wavelengths of a very cool field brown dwarf 
candidate. It has infrared colours 7 - //= 0 .9 0 ± 0 .1 9  and 77-K  = 0.83±0.18, 
compared with the previously known coolest dwarf GD165B which has 
J — H= 1.01 ± 0.05 and H —K  = 0.64 ± 0.05. Both are much redder than the expected 
colours J — H= 0.70 and H — K = 0.27 for stars of intermediate age with masses of 
0.08 M 0. Based on the colours and spectra of a probable companion star and by 
comparison with evolutionary models, we infer that the new brown dwarf candidate is 
of intermediate age with a mass of 0.071-0.079 M 0, a temperature of 1825 ± 300 K 
and a bolometric magnitude of 14.56 ± 0.35. Classification as a star or a brown dwarf 
depends on the adopted age and the evolutionary model used. The discovery of this 
object within an infrared field survey places the first lower limit on the space density 
for objects fainter than Mbol = 14, and suggests that the luminosity function does not 
fall dramatically into the brown dwarf regime.

Key words: stars: fundamental parameters -  stars: late-type -  stars: low-mass, brown 
dwarfs -  stars: luminosity function, mass function -  infrared stars.

1 IN T R O D U C T IO N

Brown dwarfs are objects hypothesized to occupy the mass 
range between the lightest stars ( -0 .0 8  solar masses, M 0) 
and the heaviest planets ( ~ 0.001 M 0 ). They never become 
hot enough to sustain nuclear fusion and, after their initial 
formation and heating by gravitational collapse, they develop 
a degenerate core and thereafter cool to low temperatures. 
Brown dwarfs might make a significant contribution to the 
dark matter in the Galactic disc, galactic haloes or even a 
background critical density (e.g. Kerins & Carr 1994). Large- 
area surveys have not identified any clear examples, and find 
that the space density of stars has a maximum at a bolometric 
absolute magnitude M boi~  10, corresponding to hydrogen- 
burning stars of about 0.2 M 0, and decreases to fainter 
luminosities (Tinney 1993). Searches in young clusters, 
where brown dwarfs are expected to be hotter and brighter, 
have discovered a number of candidates (Steele, Jameson & 
Hambly 1993; Comeron et al. 1993), but their classification 
relies on the discrimination of cluster members from field 
objects and on reliable modelling of their rapid early cooling.

2 O B S E R V A T IO N S

The new candidate brown dwarf was discovered during an 
infrared survey for faint red galaxies (Glazebrook et al.

1993). An area of 552 arcmin2 was searched to a 5a  limit of 
K  — 17.3 and R  — 23.8 with incomplete coverage to B  — 23.9, 
V — 24.1 and 7 -2 3 .6 . J- and 77-band infrared photometry 
and optical spectra have been obtained for all objects redder 
than R —K  =  5. The infrared data were taken using the 
IRCAM instrument with the United Kingdom InfraRed 
Telescope (UKIRT) at the Mauna Kea Observatory on 
Hawaii. Optical imaging data were obtained at the Isaac 
Newton Telescope (INT); optical spectroscopic data were 
obtained with the Low Dispersion Survey and Faint Object 
Spectrographs (FOS) at the William Herschel Telescope 
(W H T ); both telescopes are at the Roque de los Muchachos 
Observatory on La Palma.

Follow-up imaging and spectroscopy revealed the object, 
JMG 0918 -  0023, to be an M5.5 dwarf (object A) separated 
from a fainter, extremely red, companion (object B) by 
3 arcsec. Object B is below the survey limit and was only 
discovered during the follow-up observations. Table 1 lists 
the photometry of A and B. We discuss each in turn.

3 D IS C U S S IO N

Fig. 1 shows a spectrum of A taken with the FOS on the 
WHT, together with spectra of mid-type M dwarfs taken with 
the Multiple Mirror Telescope (MMT) on Kitt Peak in 
Arizona (Kirkpatrick, Henry & McCarthy 1991). Object B
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Table 1. UKIRT and INT photometry of the JM G 0918 — 0023 AB system. Based on the colours of GD165B and other extreme red dwarfs, 
we expect B to have R —K > 7  and so R(B)> 25. This means that R( B) makes a negligible contribution to the R  survey magnitude which is 
assumed to be R(A).

O b je c t R .A . D eci. (1950) D a te R-C CD J u k i r t H u k i r t R u k i r t

JM G  0 9 1 8 -0 0 2 3  AB 09 18 25 .37 -0 0  23 01.65 O ct 87 -  A p r 89 > 2 4 .2  2 1 .1 2 ± 0 .0 8

JM G  0 9 1 8 -0 0 2 3  A 16-17 O ct 90 

2 M ay 93

16.28±0.15

1 6 .8 6 ± 0 .0 3  16 .36± 0 .05  16.13±0.05

16 .97± 0 .04  16 .3 1 ± 0 .0 6  16.01±0.07

JM G  0 9 1 8 -0 0 2 3  B offset 2 .8 2 "N  0 .8 8 "E 16-17 O c t 90 

2 M ay 93

2 0 .0 0 ± 0 .2 2  19 .01± 0 .20  18.12±0.17

19 .9 6 ± 0 .1 7  19 .00± 0 .16  1 8 .16 i0 .20

G(0
mGOo

PlH

V
G
ai73
X
G

W avelength (A ngstrom s)
Figure 1. Spectrum for A, corrected for telluric absorption, compared to those of other M5-M7 dwarfs from Kirkpatrick et al. (1991), which 
have not been corrected for telluric absorption. In spectral regions where there are telluric absorption bands, this correction has the effect of 
increasing the flux. A t the resolution and signal-to-noise ratio presented here, this correction is significant around 6900 and 7600 A. The 
feature at 6415 A is an artefact. The scale of flux density is arbitrary, and an offset has been added to separate the spectra.

was too faint to be detected in the optical, as expected from 
its infrared colours. From its colours alone, A could be clas
sified as an M dwarf, a red galaxy or, implausibly, a giant star 
well beyond the Galaxy. The presence of a strong sodium 
line at 8180 A identifies A’s spectrum as that of a dwarf 
rather than a giant (Bessell 1991; Kirkpatrick et al. 1991). It 
is unlikely to be young, as it lacks the prominent H a  
emission seen in young M-dwarf stars (Giampapa & Liebert 
1986); neither is it very old, as it lacks the strong C aH  
absorption at 6750-7050 A which is used to classify 
subdwarfs ([M/H]^ -  1: Kirkpatrick et al. 1991). Based on 
Fig. 1, A resembles an M5.5 ± 0.5 dwarf of intermediate 
metallicity and age.

The spectral type and colours of A indicate an absolute 
magnitude which can be used to obtain its distance. A strong 
constraint on its absolute magnitude comes from the longest- 
baseline colour. Interpolation of R  — K  =  5.07 ±0.09  within

table 6 of Leggett (1992) gives a distance modulus of 
7.09 ± 0.23 if it is an M5.5V star from the old disc popula
tion (1.5-6 Gyr: Eggen 1989), or 7.30 + 0.27 if it is an M6V 
star from the young disc population (0.3-1.5 Gyr: Eggen & 
Iben 1988). The young disc has a scaleheight of ~ 100 pc, 
whereas the old disc has a scaleheight of ~ 300 pc (Gilmore 
& Reid 1983). At a Galactic latitude of + 33°, A is ~ 150 pc 
above the Galactic plane, and we classify A  as an M5.5-6V 
star from the interface of the young and old disc populations.

If A  and B are physically associated, then their angular 
separation of 2.96 ±0.15 arcsec corresponds to a projected 
separation of 770 ± 1 0 0  au. Based on a visually selected 
sample (Gliese & Jahreiss 1979) of stars in M-dwarf multiple 
systems, Fischer & Marcy (1992) find that three out of 58 
systems are binaries with separations between 770 and 
10 000 au, and note that the sample is incomplete in this 
range. The late-type M dwarf VB8 is one of these, with a
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separation of 1730 au. The colours and luminosity of B are 
as expected for a faint dwarf companion to an M 5.5-6V star, 
but it is much too faint to be a distant giant star. B is unlikely 
to be a background galaxy or an unrelated star, as the density 
of galaxies and stars with K < 18 .3  and I  — K >  3 ( I - K > 3  
conservatively corresponds to R - K >  5.5) is 2.4 x 1 0 '3 per 
30 arcsec2 (Hu et al. 1994). Its star-like profile and extreme 
infrared colours also make this hypothesis unlikely.

If B is physically associated with A, B’s temperature and 
luminosity can be compared with those expected from evolu
tionary models to determine its mass. The determination of 
temperatures for late-type M dwarfs is problematic, as their 
spectra are dominated by deep bands of water vapour 
absorption (Jones et al. 1994), so that colours are not such 
reliable indicators of temperature as they are for hotter stars. 
A number of different approaches are possible (Kirkpatrick 
et al. 1993; Tinney, Mould & Reid 1993; Jones et al. 1994). 
Extrapolation of a second-order polynomial fit to the 
relation between J — K  colour and temperature gives 
18551300 K by Jones et al. (1994), 16131300  K by 
Tinney et al. (1993) or 2 2 6 2 1 3 0 0  K by Kirkpatrick et al.
(1993).

Model and observed bolometric magnitudes can be com
pared more directly than temperatures, radii or masses 
(except for short-period binaries). Although we have only 
measured B in the J, H  and K  passbands, the similar colours 
of GD165B, for which there is a wider range of photometry

and spectroscopy (Jones et al. 1994), enable us to make a 
reasonable estimate for B’s bolometric magnitude. We use 
bolometric corrections for GD165B at J, H  and K  to deter
mine a bolometric magnitude in each passband, and then 
take the average of them. Using this bolometric magnitude 
and the distance derived for A, B has M bo[=  14.5610.35. 
This compares with 14.91 ±0.26 for GD165B. Solar-metal- 
licity evolutionary models give 13.3, 13.9, 15.2 and 15.3 
(Burrows et al. 1993) or 13.1, 13.5, 14.7 and 15.0 (Nelson, 
Rappaport & Joss 1993) for the end of the main sequence at 
ages of 0 .6 ,1 ,5  and 10 Gyr respectively.

Fig. 2 shows a Hertzsprung-Russell diagram for late-type 
M dwarfs and brown dwarf candidates, adopting the tem
perature scale from Jones et al. (1994) and the standard 
solar-metallicity model X from Burrows et al. (1993). The 
relation for an age of 10 Gyr is shown by a solid line, and that 
for 0.6 Gyr by a dashed line. Dotted lines are plotted for 
object ages of 0.6, 1, 5 and 10 Gyr to show the border 
between objects that burn hydrogen and those that do not 
(0.0767 M 0). Models from Nelson et al. (1993) produce a 
plot with masses increased by 0.0075 M 0 and luminosities 
increased by 20-60 per cent. Interpolating the temperature 
and bolometric luminosity for the young-old disc age range 
(1-3 Gyr: Eggen & Iben 1988; Eggen 1989) within model X, 
we find JMG 0918 -  0023 B to have a mass of 0.071-0.079 
M© and GD165B, which is older than 0.5 Gyr based on the 
cooling age for its white dwarf companion (Becklin &

-3.5

3.45 3.4 3.35 3.3 3.25 3.2

Log (Te)

Figure 2. Hertzsprung-Russell diagram for low-mass stars and brown dwarf candidates assuming Mbolo =  4.75.
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Zuckerman 1988), to have a mass of 0.058-0.078 M 0. 
Whether they are brown dwarfs or very low-mass stars 
depends on the adopted evolutionary model and the age of 
the system. If they are younger than 1.5 Gyr, they are brown 
dwarfs by either model; if they are 3-5 Gyr old, they are 
(Nelson et al. 1993) or are not (Burrows et al. 1993) brown 
dwarfs; if they are older than 5 Gyr, they are not brown 
dwarfs by either model. These conclusions are for solar- 
metallicity models; however, if the objects are metal-poor, 
the models predict higher temperatures, luminosities and 
masses for the star/brown dwarf interface, making the inter
pretation of these objects as brown dwarfs more probable.

The brown dwarf regime can also be shown by direct 
observational results. In Fig. 3 we plot mass versus J — K  for 
a sample of M-dwarf binaries, measured by using the infra
red speckle technique, with well-determined orbits and inter
mediate ages (old and young disc). We also plot dashed lines 
to indicate the different hydrogen-burning limits derived by 
theoretical solar-metallicity models (Burrows et al. 1993; 
Nelson et al. 1993). A weighted linear fit to the objects in Fig. 
3 below 0.2 M 0 gives J — K =  1 .0210 .28  for a mass of 
0.0767 M 0. Although we do not expect mass versus J - K  to 
be a linear relationship, and although the ages and metal- 
licities of these stars may differ from those of the candidates, 
the large difference of >0 .6  between this J — K  value and 
those observed for JMG 0 9 1 8 -0 0 2 3  B and GD165B is 
further evidence that they are brown dwarfs.

The previous faintest constraint on the luminosity func
tion was based on an optical survey (Tinney 1993) with 
infrared follow-up, which indicated a falling function 
towards the brown dwarf regime and measured the stellar 
density at its faintest limit, Mbol= 13.75, to be 3.61 f;?x 10~3 
pc-3 mag-1. Although JMG 0 9 1 8 -0 0 2 3  B is fainter than 
the limit of our survey, its discovery can be used to put a 
lower limit of 3 .1 ij;Jx  10~3 pc~3 mag-1 (68 per cent con
fidence) on the luminosity function for low-mass objects at 
Mbol ~ 14.5. As the survey is incomplete for stars this faint, 
the true space density must be significantly greater, which 
suggests that these objects are not as rare as would be 
expected from the extrapolation of previous work.
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Figure 3. Mass versus J - K  for the sample from Henry & McCarthy (1993), showing also the colours of JM G 0 9 1 8 -0 0 2 3  A, JMG 
0 9 1 8 -0 0 2 3  B and GD165B. The photometric colours, in this figure and throughout the text, are on the CIT photometric system. The 
photometric conversion for B from the UKIRT to the CIT system uses the results of Casali & Hawarden (1992), although it is expected to be 
unreliable as the relations are only established for J -  K  < 1.
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