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Abstract

Analyses of cool stars using molecular lines

Thomas Nordlander

M-dwarfs are the coolest type of hydrogen-burning stars, and three times 
as numerous as all other stars in the Galaxy combined. Thanks to their 
low masses, luminosities and surface temperatures, they are potentially 
the best targets for finding exoplanets capable of supporting life. A low 
surface temperature unfortunately also allows the formation of various 
molecules, which complicates spectroscopic analyses. 

In this work, the molecular lines of titanium oxide (TiO) and various 
atomic lines are analyzed in a high-resolution (R ~ 68000) UVES spectrum 
of the M-dwarf GJ 876, as well as very high-resolution (R ~ 120000) 
spectra of five M-dwarfs. The TiO linelist is evaluated in a theoretical 
study of the molecular model.

Results of the molecular line analysis are found to be misleading in 
certain regions. The strong TiO bands below wavelengths of 7300 Å 
indicate results incompatible with atomic lines at higher wavelengths. 
Instead, the TiO lines near 7700 Å are preferred. The theoretical study 
of the molecule improved both the precision and accuracy of transition 
wavelengths, but could not improve results of the molecular line analysis.

The incompatible results are believed to stem from inaccuracies in the 
molecular line haze. Analyses in the wavelength range 7600-8800 Å are 
found to indicate consistent results, but residual accuracy problems 
cannot be excluded in the present analysis. Further study of M-dwarfs and 
improved modeling of TiO could resolve this issue, as well as lead to 
general improvements in the analyses of cool stars.

FYSAST
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Sammanfattning

De kallaste av alla stjärnor, M-dvärgarna, är de absolut vanligaste i vår galax.
De är mindre än hälften så massiva som solen och därför även små, vilket
underlättar i sökandet efter exoplaneter i allmänhet, och sådana som ligger i
den beboeliga zonen runt en stjärna i synnerhet. Exoplaneter kring just M-
dvärgar kommer i en snar framtid att utgöra de absolut bästa målen för direkt
analys av planetatmosfärer. Sådana undersökningar kan potentiellt finna spår
av liv från biologiska processer såsom fotosyntes.

Vidare är M-dvärgar en viktig pusselbit i modelleringen av planetbildning,
vilken kan utnyttja statistiska samband mellan sannolikheten att en stjärna
bär på planeter, och dess massa och metallicitet. Metalliciteten är ett mått på
förekomsten av grundämnen tyngre än väte och helium, såsom syre och järn.
Högre metallicitet och större massa ger upphov till fler stoftkorn, som kring
stjärnan i dess barndom kan slås samman och växa till hela planeter. I grova
drag förväntas stjärnor med låg massa helt enkelt behöva högre metallicitet för
att massiva planeter skall kunna bildas.

Atmosfärer hos stjärnor, och i framtiden även deras planeter, analyseras
spektroskopiskt. Metoden går i korta drag ut på att analysera form och styrka
hos spektrallinjer, som visar hur mycket ljus som absorberats i olika delar av
objektets atmosfär. Med hjälp av denna metod kan stjärnors yttemperatur
och ämnessammansättning bestämmas. Hos soltypsstjärnor fokuserar sådana
spektroskopiska analyser på atomlinjer, vars styrka kan direkt kopplas till
förekomsten av vissa grundämnen. Spektra hos kalla stjärnor såsom M-dvärgar
domineras istället av molekyler, som producerar ett mycket stort antal spektr-
allinjer. Dessa överlappar varandra, och maskerar till stor del de atomlinjer
man normalt skulle vilja analysera.

I det här arbetet presenterar jag analyser av mycket detaljerade spektra
från fem M-dvärgar. Jag har analyserat spektrallinjer av både atomer och den
dominanta molekylen titanoxid. Resultaten avviker markant i vissa spektral-
områden – tyvärr desamma som tidigare använts i den här typen av analys.
Lämpligare spektralområden har identifierats och rekommenderas för framtida
studier.

Jag presenterar även en teoretisk studie av molekylen titanoxid, som visar
att avvikelserna beror på systematiska fel i våglängderna hos dess spektrallinjer.
Felen ger upphov till ett “mjukare” spektrum, där spektrallinjernas styrka
missuppfattas. Detta kan resultera i en underskattad metallicitet, och pro-
blemet blir värre ju kallare stjärnan är. Detta riskerar maskera tidigare nämnda
eventuella korrelationer mellan förekomsten av planeter och värdstjärnans massa
och metallicitet. Felen försämrar även direkt kvaliteten på teoretiska spektra,
så att detaljerade grundämnesanalyser försvåras.

Ytterligare, mer sofistikerad modellering av molekylen titanoxid tycks be-
hövas. Framtida spektroskopiska analyser av M-dvärgar kan tills vidare säkert
använda de regioner som här funnits producera konsistenta resultat.
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Chapter 1

Introduction

M-dwarfs are the most abundant stars in existence, but are still poorly under-
stood. Their masses are less than half the Sun’s, so they sit near the peak of
the stellar initial-mass function, and are thus the most common type of star.
This is known empirically in the solar neighborhood (Lépine and Gaidos, 2011),
and also in other galaxies (van Dokkum and Conroy, 2010). With low stellar
mass comes low core pressure, which leads to a low luminosity and thus a small
radius accompanied by low surface temperature. The radii of M-dwarfs are
typically less than half the Sun’s, their luminosities are less than one tenth,
and their surface temperatures lie in the range 2500–4000 K. These last three
characteristics complicate their analysis, regardless of method.

For warmer stars, of FGK-type, the most reliable photometric temperature-
calibrations for warmer stars are based upon the infrared flux method (IRFM).
It compares the measured ratio of bolometric to IR flux, to a theoretical model’s
IR flux. The temperature of the model is then adjusted until the two agree
(see e.g. Casagrande et al., 2006, and references therein). Below Teff ∼ 4000 K
however, the global flux distribution behaves less like a blackbody due to the
large influence of molecular line absorption (see Figure 2.1.1). Even worse, the
effect is sensitive to both temperature and metallicity (see Figure 2.2.1).

To solve this problem, the Casagrande et al. (2008) photometric calibration
assumes a monotonic variation in the theoretical ratio of bolometric to IR flux.
The temperature is computed simultaneously for multiple photometric indices,
and the best overall result is adopted. If the star’s metallicity is unknown,
the same computation is performed at multiple values. The final optimum in
temperature and metallicity is simply that which best minimizes the scatter in
Teff between photometric indices. The resulting temperature scale is estimated
to be consistent on the level of a few percent with results from direct measure-
ments of stellar radii, and as a bonus gives a theoretical estimate of the star’s
metallicity.

Other methods are reviewed in Section 2.2. Among these, an empirical
approach exists in the form of photometric calibrations. These rely on the
large-scale effect of molecular opacity, which redistributes flux from the optical
into the IR. The calibrations are usually anchored in observations of M-dwarfs
in binary pairs with warmer FGK-type companions, with reliable metallicities
derived from high-resolution spectroscopy. These methods are further described
in Section 2.2.3.

Direct high-resolution spectroscopy of M-dwarfs is less common. This is
probably due to the many difficulties of such analyses, mainly relating to the
presence of molecules in the stellar atmospheres. This introduces problems
not only in the modeling of the stellar atmosphere, but also in the detailed
appearance of the spectrum. In the past fifteen years, a handful of studies
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seem to have either solved or avoided this problem. Comparing their results,
there are however indications of rather large systematic differences, as discussed
in detail in Section 2.2.1.

The first problem is general for the modeling of cool stellar atmospheres.
The existence of many molecular species leads to a difficult equation of state,
as the same atoms participate in the formation of multiple species. The compo-
sition of the atmosphere then depends on the formation (association) and de-
struction (dissociation) of a large number of different molecular species, which
often compete for the same atoms. These processes require accurate partition
functions for each species, so that their relative equilibrium abundances can be
computed.

Modeling in other fields (see examples below) requires not only accurate
solutions for the equation of state, but also that the stellar fundamental pa-
rameters are accurate. Among the most fundamental measures is the size of the
star. Direct measurements of M-dwarf radii are made difficult by their small
sizes and low luminosities. In recent years, there has been a rise in the number
of measurements via interferometry (e.g. Berger et al., 2006; Demory et al.,
2009; Boyajian et al., 2010), to supplement observations in eclipsing binaries
(e.g. Creevey et al., 2005), where also the stellar mass may be accurately deter-
mined from orbital solutions. With a direct measurement of the star’s radius,
and an estimate of its distance via parallax measurements, its luminosity from
photometry, and theoretical descriptions of the bolometric correction and limb
darkening effect, the star’s effective temperature can be accurately derived.

Measurements of stellar radii have previously indicated a systematic under-
estimation in theoretical models by roughly 10 %. Such results have been found
both in observations of eclipsing binaries and in an interferometric study of in-
active single stars, where the discrepancy was suggested to relate to metallicity
(Berger et al., 2006). Later studies find better agreement with model predic-
tions. For the interferometric study, Demory et al. (2009) suggest instrumental
error as the cause of the discrepancy. Kraus et al. (2011) show convincingly
that the discrepancy for results from short-period eclipsing binaries was a mea-
surement bias. They find that systems with orbital periods less than roughly
one day typically have radii inflated by 5 %, while longer-period systems show
results more consistent with expectations. They propose a direct connection
to magnetically inhibited convection. The connection to the rotational period
is that close binaries are tidally locked, which induces rapid rotation, and thus
drives activity. The fact that the short-period stars in their study are active is
indicated by observed (chromospheric) Hα activity.

The modeling of magnetic fields itself is rather dependent on accurate fun-
damental stellar parameters, including the radial distribution of opacities. An
open question in this field of research relates to the nature of the dynamo
mechanisms. The solar-type αΩ mechanism is driven by differential rotation,
and disappears when the tachocline does – i.e. when a star becomes fully con-
vective. The α2 mechanism on the other hand is not driven by rotation, and
would still operate in such stars. The transition between these mechanisms,
when stars should become fully convective, is expected at a mass of 0.35M⊙,
corresponding to dwarfs of type M5. Morin et al. (2010) present measurements
of magnetic field strengths and topologies in a sample of partially and fully con-
vective M-dwarfs, and find the transition to be rather gradual. Additionally,
fully convective stars of similar mass were found to exhibit two distinct field
topologies and strengths. This suggests a switching between dynamo mecha-
nisms, either related to age or recurring at chaotic or cyclic intervals.

A solution could come from the study of pulsations (Rodríguez-López et al.,

8



2012). This field is also in dire need of accurate fundamental parameters, and
an accurate equation of state for the pulsation inversion calculations of the
stars’ vertical structure. Pulsations have not yet been detected in M-dwarfs
(Baran et al., 2011), but future results can be expected from e.g. the Kepler
mission, which is dedicated to time-series observations of a large number of
stars.

There are also direct gains to be expected from studying M-dwarfs. As they
have low low masses, small radii and low surface temperatures (and thus low
luminosities), M-dwarfs are expected to be the best targets for finding low-mass
planets in the habitable zone. Compared to solar-type stars, the low luminosity
puts the habitable zone closer to the star, giving shorter orbital periods for
planets which could support life similar to that on Earth. The detection of
such planets is simplified both by larger reflex radial velocity variations and by
enhanced transit depths due to the smaller orbits and larger relative sizes of
the planets. Additionally, the smaller orbits give shorter orbital periods, which
allows detection after shorter time-series of observations. Finally, a low stellar
luminosity enhances the quality of transmission or reflection spectra targeting
a planet’s atmosphere, thanks to the lower brightness contrast between star
and planet.

Good statistics of the occurrence and mass-distribution of planets in low-
mass stars may help validate models of planet formation. Following the rea-
soning in Schlaufman and Laughlin (2010, see references therein), the core
accretion scenario requires seeding on dust particles. The suggestion is that a
metal component of ∼ 10M⊕ (Earth-mass) is required in the protoplanetary
disk to form an ice or gas giant. For comparison, Schlaufman and Laughlin
(2010) estimate a total amount of solid material in the solar protoplanetary
disk in the range 60–100M⊕. The amount of solid material should scale lin-
early with both stellar mass and metallicity. Detecting whether a drop-off in
the occurrence of planets as a function of metallicity and mass should be made
easier by also considering M-dwarfs, with masses as low as 0.1M⊙, compared to
the range of 0.7∼3M⊙ for planet-hosting FGK-type stars. Hence, in addition
to the joy of better understanding M-dwarfs themselves, consistent abundance
analyses may help illuminate the processes responsible for planet formation.

It is the aim of this work to investigate what can be done to improve
the analyses of M-dwarf atmospheres, with respect to some of the problems
listed above. A short introduction to the concept of stellar spectroscopy is
given in Section 2.1. Recent detailed spectroscopic and photometric analyses
of M-dwarfs are reviewed in Chapter 2. A general introduction to (diatomic)
molecules is given in Section 2.3, with a strong focus on the one most rele-
vant to M-dwarfs: TiO. In Chapter 3, methods are presented for improving
the theoretical transition wavelengths of TiO, and for analyzing stellar spectra
dominated by molecules, yielding degenerate parameters. The analyses and
results of these methods are presented in Chapter 4. In Chapter 5, results
are summarized, and implications and suggestions for future investigations are
given.
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Chapter 2

Background

Spectroscopic analyses of M-dwarfs are difficult for several reasons. As sum-
marized in the previous chapter, the first problem lies in the modeling of cool
stellar atmospheres. The existence of many molecular species leads to a diffi-
cult equation of state, as the same atoms participate in the formation of multi-
ple species. Hydrogen, for example, produces not only heteronuclear hydrides
(MgH, CaH, FeH, H2O, ...), but also the homonuclear H2 molecule, in addition
to existing in free atomic form. The formation and destruction of a large num-
ber of different molecular species, often competing for the same atoms, then
determines the composition of the atmosphere. The composition and structure
of the atmosphere are interdependent, as the radiation field depends on the
opacity, and affects the composition, which in turn affects opacity.

When the atmospheric structure has been determined, synthesis of a de-
tailed spectrum requires accurate wavelengths for a large number of molecular
transitions. While the atmospheric composition is dominated by molecular
hydrogen and various atomic species, the contribution to opacity is strongly
skewed toward a handful of molecular species – primarily TiO in the optical
regime and water in the near-infrared. While TiO is the main focus of this work,
the contribution to opacity from different species is discussed in Section 2.1.5.

The enormous amounts of molecular transitions result from the large num-
ber of states, and the transitions which connect these. The primary influence
on the distribution of transitions comes from the electronic structure, which in
itself is highly nontrivial. See for example the work on hydrogen line shapes due
to collisions by Barklem et al. (2000). To this, molecules add orders of magni-
tude of complexity via vibrational and rotational excitations. In the transition
from any initial state, multiple final states are possible. This leads to a very
large number of possible combinations, all with different properties (e.g. the
transition strength) and different transition wavelengths. Additionally, the
same molecule but with a different isotopic compositions – an isotopologue –
has slightly shifted energy levels, resulting in different transition wavelengths.

These possibilities gives rise to a copious amount of different transitions
both spanning a wide range of energies, and strongly overlapping the same
spectral regions. For instance, the theoretical TiO linelist of Plez (1998) in
its newest version contains nearly 42 million transitions, with a line density of
roughly 5000 Å−1 at λ ∼ 7100 Å.

The end result is a difficult situation for spectroscopic modeling. While a
reasonably small number of lines dominate the appearance of the spectrum, a
large amount of very weak lines contribute to a significant haze of background
absorption, which blends with the stronger lines. As weaker lines are naturally
difficult to observe in the laboratory, this haze is not necessarily accurate in the
theoretical linelists. While we might expect a smooth, stochastic distribution
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of these weak lines, they could in principle exhibit structure. The influence
of the haze absorption should differ between weak and saturated portions of
the spectrum (see “curve of growth” in Section 2.1.3). Where the absorption
is rather weak, the opacity from the haze adds linearly. Where the absorption
is already saturated however, the influence of additional opacity is smaller.
The net result is a compression of the spectrum, so that absorption lines seem
weaker relative to the continuum. This could instead be mistaken for having
weaker absorption lines.

The difficulty in the analysis is obvious, as illustrated by the citations in
Bonfils et al. (2005), where analyses of the same star sometimes disagree by an
order of magnitude in metallicity. Detailed analyses in the optical (or at least,
below 1µm: Valenti et al., 1998; Woolf and Wallerstein, 2005; Bean et al.,
2006b) as well as the near-infrared (Jones et al., 2005; Önehag et al., 2011)
illuminate the various problems relating to problematic linelists and strongly
deviating temperature scales. The latter in each category investigate M-dwarfs
in binaries with a warm FGK companion, whose metallicity is known from
traditional, less problematic, spectroscopic analyses. Evaluating metallicities,
such targets should be preferred, as they offer the most accurate comparison of
results.

2.1 Spectral synthesis
The concept of spectral synthesis and its application in the analyses of stars is
thoroughly covered by e.g. Gray (2005) and Rutten (2003).

The fundamental parameters used to describe a star are the effective tem-
perature Teff and the surface gravity log g. The former is defined as the star’s
corresponding black-body temperature using Stefan-Boltzmann’s law, L =
4πR2σT 4

eff. The latter is commonly expressed with its cgs units omitted –
for the Sun, log

[
g (cm s−2)

]
= 4.44. The composition is usually described by a

metallicity, [M/H]1, referring to the amount of metals relative to the amount
of hydrogen, as compared to the solar value, on a logarithmic scale. Individual
elemental abundances are usually referred to either relative to the Sun as shown
above, or on the absolute scale as A(X)2.

2.1.1 The photosphere
The central concept is that of a spectral line. To understand what it is and why
it forms, we must understand the structure of stellar photospheres. In essence,
a star is a gravitationally bound mass of gas, relaxed to hydrostatic equilibrium.
At the core, pressure and temperature are at their maximum, while the surface
is exposed to space. As a first-order approximation, this produces a negative
pressure (or density) and temperature gradient toward the surface.

The structure is determined by the equation of state, which describes a
relation between temperature, pressure and density as well as the chemical
composition (with partial pressures), and thus the opacity. This is computed
from the ideal gas law combined with an assumption of hydrostatic equilibrium,
and the processes of excitation, ionization, recombination, dissociation and
association of a large number of species of atoms, ions, and molecules.

At large depth in the atmosphere, the photon mean free path is short.
Photons will be absorbed or scattered before reaching the surface, and the
medium is said to be optically thick. As photons cannot escape their local

1Definition: [X/Y ] = A(X)−A(Y )− (A(X)−A(Y ))⊙.
2A(X) = logN(X)− logN(H) + 12, where N is the number density.
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region, local thermodynamical equilibrium (LTE) is fulfilled, which implies a
Planck flux distribution.

Closer to the surface, the mean free path at some point becomes less than
the depth. The medium is optically thin, and photons are able to stream freely
into space, so that an observer may collect them. This defines the photosphere
– it is the region which is visible. The extent and structure of this region is
determined by the distribution of opacity, which relates to the distribution of
density (or pressure) and temperature, as well as the chemical composition.
The opacity varies not only geometrically, but also as a function of wavelength.

2.1.2 Spectral absorption lines
We define the optical depth τν through a column of geometrical length L in a
material of density ρ at wavelength ν as

τν =

∫ L

0
(ℓν + κν)ρ ds (2.1.1)

where κν and ℓν represent the continuous and line absorption coefficients.
Next, we informally define a source function Sν , which in each layer of the

photosphere describes the contribution to the intensity. Under the assumption
of LTE, this source function is the Planck function. It is then illustrative to
define the radiative transfer equation in its differential form, with τν directed
into the star,

dIν
dτν

= Iν − Sν . (2.1.2)

The intensity is computed at multiple points on the stellar surface, represent-
ing different light-paths through the photosphere. By disk-integrating these
intensities, we compute the flux Fν , which is the stellar spectrum.

At the wavelength of a strong transition, both ℓν and κν contribute to
(2.1.1), which determines how deep into the star we are able to see. Let’s assume
the line opacity ℓν is negligible at a nearby wavelength. There, only continuum
absorption affects (2.1.1) so that the optical depth grows more slowly, allowing
us to see deeper into the star. As the temperature increases with depth, the
continuum flux Fc is stronger than the line flux Fν . This decrease in flux
appears as an absorption line in the spectrum. Its depth is simply the ratio
Fc/Fν . Another measure is the equivalent width, which measures the total
amount of flux removed by the line,

W =

∫
Fc − Fν

Fc
dν . (2.1.3)

Only if significant opacity appears in a region with inverted temperature gradi-
ent can the line flux ever be stronger than the continuum flux3. In an absorption
line spectrum, the continuum level is thus the highest possible flux.

2.1.3 Broadening and the curve of growth
The strength and shape of a spectral line is influenced by a variety of proper-
ties of the star. Specifically, the influence of an element’s abundance on the
strength of a spectral line is described by the curve of growth, which has three
characteristic regions.

3The chromosphere has this property, causing emission in certain lines.
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Lines on the weak part of the curve of growth consist only of a core, so
that the line’s strength scales with its depth. Its strength is proportional to
the number of absorbers, or the abundance of that element. For this reason,
weak lines are the most sensitive to the chemical composition.

Somewhat stronger lines are called saturated. This is when absorption in
the core of the line has grown so strong that the flux can barely decrease any
further when the number of absorbers increases. Instead, absorption must
move into the wings of the line. The strength of the wings depends primarily
on pressure broadening.

Strong lines have wings strong enough that the wing opacity has significant
influence relative to the continuous absorption. For this reason, the strength
of the wings is again sensitive to the abundance. Additionally, the wings are
sensitive to pressure broadening, so that they are useful in constraining the
photosphere’s temperature structure (dependent on Teff, log g and [M/H]).

In addition to the (line-specific) effects of pressure broadening, there are two
additional important effects: macroturbulence (vmac) which represents Doppler
effects due to the large-scale motion of convective cells, and the rotation of the
star (v sin i) projected along the line of sight. These are typically solved for
either globally or line-by-line. It is not always possible to disentangle vmac
from v sin i, as their influence has similar shape at low velocities. Typically,
one of the parameters is either ignored or set from external determinations.

In addition to these parameters, we must handle an additional factor which
directly affects indicated abundances. It is the ad-hoc desaturation mechanism
known as microturbulence (ξ). It is a small-scale Doppler broadening of the
line, similar in magnitude to thermal broadening. For lines on the saturated
part of the curve of growth, microturbulence shifts opacity out of the saturated
core, and into the weak wings. The total amount of flux removed by the line
thus increases. Comparing observations to calculations without microturbu-
lence, the saturated lines will appear stronger than predicted, and thus tend to
indicate higher abundances than weak lines. Microturbulence also affects both
weak and strong lines, but to lesser extent. Usually, ξ is adjusted until weak
and saturated lines of the same species indicate the same abundance. The same
value is then assumed to be valid for all species.

2.1.4 Comparison to observations

Observed high-resolution spectra are usually not possible to flux-calibrate, due
to the difficult and varying properties of most cross-dispersed spectrographs.
Spectra are recorded on an arbitrary flux scale, which varies depending on
instrumental properties (the blaze function) as well as the star’s large-scale
flux distribution. To compare with synthesis, observed spectra are continuum-
normalized. The observed flux Fν is divided by an estimate of the continuum
flux, Fc, and we refer to the resulting quantity as residual flux. The full proce-
dure of data reduction is detailed by Piskunov and Valenti (2002).

For warm stars, the continuum flux (or at least a good approximation
thereof) is empirically identified in the recorded spectrum. Problems with this
approach appear where significant line absorption masks the continuum. In
warmer stars, this is the case near very broad lines, such as the red Hα line or
the blue-UV Ca ii H and K lines (see e.g. Barklem et al., 2002). The situation
is more problematic for M-dwarfs, as illustrated in the following subsection.
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2.1.5 Absorbers
The contribution of several opacity sources on the flux in a synthetic MARCS
(Gustafsson et al., 2008) opacity-sampled spectrum is presented in Figure 2.1.1.
To simplify the plots, most non-dominant contributors included in the MARCS
computations are not shown as individual sources. LaO is shown for compari-
son, but was not used in the atmospheric structure computations.

For this specific model, TiO all but dominates the spectrum below 1µm.
But in each frame, we can easily identify important contribution on the opacity
from other absorbers.

• Atomic absorption creates a forest of lines below 5600 Å, but gradually
tends toward large-scale influence from a few strong lines only.

• MgH produces significant absorption in the 4600–5600 Å region, even
dominating the spectrum near 5130 Å.

• CaH absorption is influential near 6400, 6900, and 7500 Å.

• LaO and VO both contribute precisely where TiO absorption is weak –
most significantly at 7300–7600 Å and 7900–8200 Å.

• FeH seems, even in a low-resolution spectrum, to contribute via multiple
individual absorption features, significant above 8700 Å, with a strong
bandhead near 9900 Å.

• Water absorption is due to an enormous amount of weak lines, which grad-
ually become important at about 11000 Å, until they completely dominate
the spectrum above 13300 Å.

• CO contributes significantly further into the infrared, at roughly 2.3–
2.4µm and 4.3–5.5µm.

• CrH, not available in these computations, is known to exhibit one of
its strongest (albeit rather weak in M-dwarfs) bandheads near 8600 Å
(Burrows et al., 2002), where TiO absorption is rather weak. This feature
should be positioned just before the onset of significant FeH absorption.

• ScO is also missing from the figure, but known to produce multiple absorp-
tion features in cool stars. The most prominent bandheads are expected
at 6036, 6079, and 6132 Å (Kamiński et al., 2009).

With such large overlap of influence from different species, measuring the
precise absorption due to a single species is not trivial. The weak atomic lines
which are most suitable for abundance analyses in warmer stars are signifi-
cantly blended with molecular lines. There is in fact so much molecular line
opacity in most of the spectrum that the continuum level (the top, featureless
line) becomes difficult to directly identify. Wherever the most influential ab-
sorber – TiO – becomes weak, another molecule still significantly influences the
spectrum.

For stars of either higher or lower temperature, or of lower metallicity, TiO
is expected to become subdominant and even disappear from the spectrum. At
higher effective temperature, fragile molecules tend to dissociate and disappear
from the spectrum. Even in the Sun however, the quite stable molecule MgH
contributes significant opacity near 5000 Å. At lower effective temperature,
fragile molecules should instead become more abundant. This replaces the
oxides with more easily formed hydrides, like CrH and FeH (Bauschlicher et al.,
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Figure 2.1.1: Synthetic flux distribution resulting from different opacity
sources (colored lines), as compared to the continuum level (top line). The flux
was computed using MARCS, from a model with Teff = 3000 K, log g = 5.0,
[M/H] = 0.0. The flux is neither computed nor presented in a sufficiently
dense grid of wavelengths to accurately reproduce spectral details. Note that
the flux and wavelength scales vary from frame to frame. See Figure 2.2.1 for
an illustration of the global flux distribution in synthetic cool dwarfs.
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2001). At very low temperatures, in the L-dwarf regime, dust formation causes
the metals responsible for molecular formation to “rain out” of the photosphere,
causing further redistribution between opacity sources. Finally, the metallicity-
dependence of oxides (e.g. TiO and VO) is stronger than that of hydrides (e.g.
FeH and CaH). At low metallicities, the latter should dominate in the spectra
even in hotter objects.

2.2 Recent M-dwarf investigations
2.2.1 High-resolution spectroscopy

Valenti et al. (1998) present a detailed analysis of GJ 725 B combining the TiO
R2 0–0 bandhead at 7088 Å and various atomic lines at 8680 Å. They conclude
that the inclusion of molecular features in a global fit significantly improves the
precision of atmospheric parameters, primarily the temperature. Their optimal
Teff = 3200 K is in good agreement with independent determinations, with an
estimated precision on the level 70 K, and 0.07 dex in metallicity. However,
they make a point of the fact that then current TiO linelists (Jørgensen, 1994)
required improvements in the wavelengths of the strongest transitions in order
to reproduce their high-quality (R ∼ 120000, S/N ∼ 270) spectrum.

The same star was included in the analysis of Jones et al. (2005), who
modeled CO lines in R ∼ 40000 spectra at λ ∼ 2.3µm. Their optimal fit was
significantly hotter (by 300 K) and more metal-rich (by 0.9 dex). When they
constrained their Teff to independent determinations, they instead found the
star to be very metal-poor, at [M/H] = −1.5. This strong degeneracy between
temperature and metallicity, combined with an apparent systematic offset in
the preferred temperature, is a recurring theme in analyses of cool M-dwarfs.

The analysis of Bean et al. (2006b) presents such a problem. They analyze
a set of M-dwarfs in binary systems, where the metallicity of the warm (FGK)
companion is assumed to apply to the cooler component as well. Evaluating
R ∼ 50000 spectra, they find the method of Valenti et al. (1998) to significantly
and consistently underestimate metallicities by 0.5 dex. They implement mul-
tiple improvements in the line synthesis procedure, as well as adding additional
atomic lines to the analysis, yielding metallicities consistent with the warm
primaries. They state uncertainties in Teff and metallicity on the levels 48 K
and 0.12 dex. However, they find that their temperature scale too is signif-
icantly hotter than suggested by independent methods (see also Casagrande
et al., 2008, fig. 7). The offset is very similar to that identified by Jones et al.
(2005), suggesting a global problem with the temperature scale. Additionally,
the metallicities they determine for three planet-hosting stars are all subsolar,
and suspiciously lower than what others estimate.

The spectroscopy of cool stars doesn’t have to deal with the trouble of
molecules. Woolf and Wallerstein (2005) performed an atomic line analysis
on warm (Teff > 3500 K) K- and M-dwarfs, where molecular absorption is not
strongly pronounced. This allows them to successfully determine individual
abundances of both iron and titanium, e.g. reproducing the well-studied [α/Fe]-
enhancement at low metallicity.

More recently, Önehag et al. (2011) have used high-resolution CRIRES
spectra in the near-infrared J-band for an atomic line analysis. While they
do not independently derive effective temperatures, they use FeH lines as an
indicator. While they indeed prefer slightly higher temperatures than indicated
by the Casagrande et al. (2008) calibration, their temperatures are still lower
than those of Jones et al. (2005) and Bean et al. (2006b). By analyzing M-
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dwarfs in binary systems, they validate the accuracy of their method. Assuming
a 100 K uncertainty in Teff, they derive formal metallicity uncertainties ranging
from 0.01 to 0.15 dex, depending on the influence of telluric contamination.

2.2.2 Low-resolution spectroscopy
While high-resolution spectroscopy of faint targets requires either fortunate
proximity or a very large telescope, low-resolution studies are possible with
more modest equipment, allowing economical observations of many stars. De-
pending on the resolution and the observed spectral regions, low-resolution
studies may utilize either direct comparison to synthetic spectra, or be cali-
brated on the results of high-resolution studies.

Woolf and Wallerstein (2006) have determined a calibration of metallici-
ties in flux-calibrated R ∼ 3000 spectra using the so-called CaH2 and TiO5
molecular band indices (see Reid et al., 1995). Both indices compare band
depths to the near-continuum at λ ≈ 7044 Å. While the former index (using
a CaH bandhead at λ ∼ 6830 Å) is primarily temperature sensitive, the lat-
ter (using the strong TiO 7126 Å γ 0–0 and 1–1 bandheads) depends on both
temperature and metallicity. Combining the two thus allows the determina-
tion of both parameters. In Woolf et al. (2009), the calibration is extended to
additional molecular indices, as well as supplemental strong atomic lines (the
Ca ii triplet and the K i line at 7699 Å). Their calibration is anchored in the
atmospheric parameters taken from their own high-resolution results (Woolf
and Wallerstein, 2005) and in the metallicities of wide binaries with a warm
primary star. Unfortunately, it is not applicable to stars cooler than 3500 K,
and the accuracy is estimated on the 0.3 dex level. It is however valid in a
very wide range of metallicities, −1.5 < [Fe/H] < 0.05, making it suitable for
large-scale abundance distribution surveys.

Rojas-Ayala et al. (2010, 2012) use K-band spectra at R ∼ 2700, and present
two types of calibrations. The first is a theoretical calibration, determining Teff
and spectral type as a function of the water absorption. The second is an em-
pirical calibration of metallicities using atomic line strengths (Na i and Ca i
at λ ∼ 2.2µm), with a small correction for temperature using the water ab-
sorption strength. They estimate an impressive accuracy on the level 0.14 dex,
valid for a wide range of spectral types, but metallicities in a modest range,
−0.3 ≲ [Fe/H] ≲ 0.3.

Terrien et al. (2012) use H-band features (lines of Na i and K i) in R ∼ 2000
spectra, in a calibration similar to that of Rojas-Ayala et al. (2012). While the
weaker H-band features are more sensitive to metallicity, they are also more
easily contaminated by telluric water absorption. They derive independent cal-
ibrations in the H- and K-bands, both with uncertainties on the level 0.12 dex,
and improved statistical agreement with the calibration sample as compared to
Rojas-Ayala et al. (2012), with a similar range of validity.

2.2.3 Photometry
As summarised by Neves et al. (2012), molecular absorption by e.g. TiO and
VO is centered on visual wavelengths. For M-dwarfs of equal mass, the in-
creased opacity in a more metal-rich star will lead to a redistribution of flux
from the visual into the infrared, and affect the entire stellar structure so that
the bolometric luminosity decreases. This results in a reduced flux in the vi-
sual, while the infrared is left nearly unaffected. Hence, comparing the flux at
visual and infrared wavelengths to that of other stars with the same infrared
flux, gives a measure of the metallicity at equal mass.
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Figure 2.2.1: The global flux distribution in three synthetic Phoenix mod-
els, at Teff = 3200 K, log g = 5.0, and [M/H] = 0.0,−1.0,−2.0. The dashed
line represents the corresponding blackbody flux. The wavelength-dependent
influence of different opacity sources is illustrated in Figure 2.1.1.

Figure 2.2.1 illustrates the effect of metallicity on the global distribution of
flux in synthetic spectra at fixed Teff = 3200 K, for three different metallicities.
The spectra were generated using non-LTE Phoenix model atmospheres in the
NextGen2 grid, for the Gaia mission (Hauschildt et al., 2003)4. The uneven
distribution of opacity, with very strong absorption at e.g. 6600 and 7100 Å,
clearly offsets flux from the optical toward the IR region in the more metal-rich
models.

The redistribution of flux into the continuum to a level far above the black-
body flux is not a feature unique to M-dwarfs. Nor is the shift of the flux-peak
toward longer wavelengths as a function of metallicity.

A calibration on this method was first attempted by Bonfils et al. (2005),
who analyzed M-dwarfs in binaries with FGK companions. They estimated
effective temperature and surface gravity from photometry of each M-dwarf,
combined with the metallicity derived from spectroscopic analyses of the earlier-
type companion. They merged these results with the direct spectroscopic ana-
lyses of M-dwarfs by Woolf and Wallerstein (2005), and calibrated a polynomial
form for metallicity in the V −K versus MK color-magnitude-diagram (CMD).

Their volume-limited sample showed a slight offset in metallicity, with M-
dwarfs 0.07 dex more metal-poor than FGK-dwarfs. This was interpreted as
a consequence of M-dwarfs being more long-lived than the others, and in fact
more long-lived than the current age of the Universe. The M-dwarfs should on
average have formed earlier than the FGK-dwarfs, when the Galaxy was more
metal-poor. However, as noted by Johnson and Apps (2009), this difference
should not apply to the K- and G-dwarfs which also have lifetimes longer than
the age of the Galactic thin disk. They justify this by showing that a volume-
limited sample of K2–G0 dwarfs from the SPOCS catalog (Valenti and Fischer,
2005) does not exhibit a correlation between [Fe/H] and Teff. Note however
that in SPOCS, [Fe/H] represents the abundance of iron, and is not identical
to the metallicity denoted [M/H]. Additionally, individual abundances have

4Available at e.g. http://www.am.ub.edu/~carrasco/models/NextGen2/
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been corrected for ”spurious abundance trends” (see Valenti and Fischer, 2005,
§ 6.4). From their Fig. 10, raw results of the SPOCS sample do indeed show a
trend in [Fe/H] with Teff. The overall metallicity [M/H] on the other hand does
not correlate to Teff, validating the argument of Johnson and Apps (2009).

Johnson and Apps (2009) noted that the calibration of Bonfils et al. (2005)
systematically underestimated the metallicities of metal-rich dwarfs. They cre-
ated a large sample of single stars of M- to late K-type at distances within 10
and 20 parsec, respectively, meant to represent the mean main sequence in the
solar neighborhood. They assigned it a metallicity [M/H] = −0.05 equal to the
mean metallicity of solar neighborhood dwarfs in the SPOCS catalog, and fit a
polynomial to its distribution of V −K versus MK . They assumed the distance
∆MK above the mean main sequence at a fixed V −K to be a linear measure
of the metallicity, and calibrated this on a sample of wide binaries.

However, nearby stars do not necessarily belong to the same population
as the Sun. Schlaufman and Laughlin (2010) constrained a solar neighborhood
sample by matching it kinematically to the sample of wide binaries, and retrieve
for this sample a lower mean metallicity [M/H] = −0.14 ± 0.06, indicating
lower M-dwarf metallicities on the mean main sequence by 0.09 dex. This is
not applied as a zero-point correction, but rather as a verification of the mean
metallicity of solar neighborhood M-dwarfs. They choose V −K as their free
parameter, instead of MK , and calibrate the expression on a sample of wide
binaries. The choice of free parameter is justified by investigating theoretical
isochrones, where models at fixed mass but different metallicity are found at
constant MK but varying V −K. For this reason, they invert the mean main
sequence expression as determined by Johnson and Apps (2009), giving

(V −Ks)iso = 51.1413− 39.3756MKs + 12.2862M2
Ks

− 1.83916M3
Ks

− 0.00382023M4
Ks

.
(2.2.1)

Their calibration of the metallicity at a given distance in V − K from the
main sequence at a fixed MK has since been improved by Neves et al. (2012),
who fitted the same linear relation with [Fe/H] to a larger sample of wide
binaries with better known photometric parameters in an extended range of
metallicities. Their optimal fit is given by:

[Fe/H] = 0.57 [(V −Ks)− (V −Ks)iso]− 0.17. (2.2.2)

They note that the dispersion for their calibration sample indicates nonlinear
behavior both at the extremes of the scale and within narrow regions in the
CMD. Their much improved sample did not significantly decrease the dispersion
of the calibration by Schlaufman and Laughlin (2010). This suggests that the
dispersion is of astrophysical rather than observational origin, and they suggest
rotation and magnetic activity as possible underlying reasons.

The calibration of Neves et al. (2012), given above, is anchored in metallic-
ities derived from the warmer primary stars. In the analysis of the primaries,
they measured equivalent widths of a large number of neutral and singly ionized
iron lines. They then determine the metallicity from the final iron abundance,
having constrained effective temperature and surface gravity from the excita-
tion and ionization equilibria. They note that the specific method employed,
including the detailed linelist, results in a metallicity scale compatible with
SPOCS.

With this steady evolution in the systematics of the calibrations toward a
physically validated description, the final iteration is the most realistic, with
results on an appropriate metallicity scale for our purposes. The remaining
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dispersion in the calibration samples indicate the need for direct abundance
analyses of M-dwarfs using other means. High-resolution spectroscopy in the
optical and infrared is a promising such avenue.

2.2.4 Problematic temperature scales
As introduced in Chapter 1, and presented more in-depth in Section 2.2.1 and
2.2.2, various high- and low-resolution studies have reported temperature de-
terminations inconsistent not only with each other, but also with independent
determinations. High-resolution studies focusing on the very strong γ-system
0–0 TiO bandheads at 7050 Å or 7090 Å (Valenti et al., 1998; Bean et al., 2006b)
generally report rather high temperatures consistent with both high-resolution
CO studies at 2.3µm (Jones et al., 2005) and low-resolution calibrations on wa-
ter and potassium absorption at 2.1–2.4µm (Rojas-Ayala et al., 2012). They
differ significantly from independent measurements and methods (e.g. Berger
et al., 2006; Casagrande et al., 2008), as well as a high-resolution study of FeH
and atomic lines at 1.2–1.3µm (Önehag et al., 2011). As an indicator of the
typical difference between the two roughly defined temperature scales, we may
take GJ 876. The former studies typically find Teff = 3400–3500 K, some 300 K
higher than the latter at Teff = 3100–3200 K.

High-resolution studies on either type of temperature scale have made ev-
ident that their metallicity determinations are accurate. Yet, significant dif-
ferences must result. One could hypothesize that some amount of cancellation
between errors occurs. Take for example the studies combining strong TiO
bandheads with atomic lines. In the region dominated by bandheads, there
should be significant contribution also from the relatively weaker lines, in the
so-called line haze. Errors in the opacity distribution of the line haze could
produce a spectrum where lines appear too strong. Correcting for this implies
either increasing the temperature, or decreasing the metallicity. If a similarly
influential line haze with similar problems exists in the region of atomic lines,
then the continuum level may be depressed, so that the lines seem stronger
than they truly are. The combined effect of these two errors may thus be a
reasonable metallicity, but significantly offset temperature.

What if these systematic errors are instead local phenomena? The apparent
cancellation of errors might just be coincidence, as indicated by the suspiciously
low metallicities determined for planet-hosting stars by Bean et al. (2006a). If
different spectral regions indicate different temperature at similar metallicity,
then some tension must exist between their combined stellar parameters.

2.3 Titanium oxide – TiO
Despite significant modeling difficulty, the use of molecular line spectra in cool
dwarfs is best motivated by their large sensitivity to temperature. In analyses
relying purely on atomic line features, the main uncertainty in abundance de-
terminations often stems from uncertainties in the temperature determinations.
Simultaneous analyses of atomic and molecular spectral features should in prin-
ciple lead to highly precise atmospheric parameters. Systematic uncertainties
in the modeling may be expected, relating to the accuracy of the equation
of state. This requires accurate partition functions, oscillator strengths, and
spectral distributions of all relevant molecular and atomic species.

In this section, the theoretical and observational properties of titanium
oxide are summarized. This information is then in Section 2.3.5 applied to the
potential use of molecular features in spectroscopic analyses.
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2.3.1 Molecular notation
Electronic states in molecules are denoted by their label, multiplicity, and elec-
tronic symmetry. The ground electronic state is labeled X. Since the ground
state of TiO is a triplet state (i.e. spin S = 1 giving multiplicity 2S + 1), with
∆ electronic symmetry representing Λ = 2, it is denoted X3∆.

Excited states of the same multiplicity as the ground state are convention-
ally named A, B, C, in ascending order of electronic energy. Transitions at
optical and near-infrared wavelengths are those which occur between electronic
systems. For TiO, the strongest electronic systems are called γ (A3Φ−X3∆),
γ′ (B3Π − X3∆), and α (C3∆ − X3∆). The states are always given in the
order upper–lower, and all three connect the ground level X3∆ to an excited
state. An additional important system was discovered later on, the ε-system
(E3Π−X3∆), where the label E is used despite an electronic energy less than
that of the A3Φ state. As new systems are discovered, the tradition of violat-
ing the naming convention continues in order to avoid continuously renaming
previously known systems.

Electronic states of different multiplicity from the ground state are denoted
a, b, c in ascending order of energy. For TiO, the most important singlet
systems are β (c1Φ − a1∆), δ (b1Π − a1∆) and ϕ (b1Π − d1Σ+), where the
electronic energy despite the naming is lower in the d state than in b.

In total six singlet and ten triplet states in TiO are known (Dobrodey, 2001).
As can be deduced from the systems listed above, strong radiative transitions
may occur between any electronic systems of equal multiplicity. This is a
selection rule – transitions which obey selection rules are said to be allowed.
Transitions which violate a selection rule are said to be forbidden. Those are
typically quite weak, but plentiful as a result of the large number of possible
cross-combinations.

By convention, the corresponding variables of the upper and lower states
are denoted by single and double primes, so that e.g. Ju ≡ J ′, Jl ≡ J ′′. Here,
subscripts of u and l shall denote the upper and lower states. Following the
notation of Bernath (2005), the quantities relevant for diatomic molecules are

• J , the total angular momentum.

• L, the total orbital angular momentum.

• R, the angular momentum of nuclear rotation.

• N , the spin-free orbital angular momentum.

• S, spin.

• v, the vibrational quantum number.

Their vector sums are related such that e.g. the total angular momentum is
J⃗ ≡ L⃗+ S⃗+R⃗. The spin-free angular momentum is simply N⃗ ≡ J⃗− S⃗ = R⃗+ L⃗.

The projections of the various angular momenta on the internuclear axis
also have symbols. The most important, Λ, is used in the labeling of electronic
states, and represents the projection of L on the internuclear axis. Since nuclear
rotation is perpendicular to the internuclear axis, the projection of R is always
0, and hence, the projection of N is also Λ. The projection of spin S on
the internuclear axis is Σ. As these are signed quantities, Ω = Λ + Σ is the
projection of J .

With all the quantities introduced, we return to the notation for electronic
states: Label2S+1Λ. Hence, the TiO ground state X3∆ is a ∆ state, which indi-
cates Λ = 2. The convention is that the sequence Λ = 0, 1, 2, 3, ... is translated

21



into the corresponding symbols Σ,Π,∆,Φ, .... They correspond to the atomic
spectroscopic notation where L = 0, 1, 2, 3, ... is denoted S, P,D, F, .... It is
unfortunate that Σ may refer to either a particular electronic symmetry (i.e.
the Λ number), or the projected spin quantum number. On the other hand,
Σ is not defined for Λ = 0 states, as there is then no interaction between spin
and the magnetic field due to electronic orbital motion.

2.3.2 The classical energy level description
Summarizing Bernath (2005), the classical description of the effective potential
in diatomic molecules is the Morse potential,

V (r) = D
(
1− e−β(r−re)

)2
, (2.3.1)

where D is the dissociation energy, and re the minimum position of the potential
well. This description has the advantage of making the Schrödinger equation
analytically solvable. However, it is not the most realistic potential. Rather,
the Dunham potential is employed, described by a polynomial expansion

V (ξ) = a0ξ
2(1 + a1ξ + a2ξ

2 + ...). (2.3.2)

Under this description, a matrix representation of Dunham parameters Yjk is
defined, and energy levels can be computed as

EvJ =
∑
j,k

Yjk

(
v +

1

2

)j

(J(J + 1))k. (2.3.3)

These parameters are approximately identifiable with the corresponding Morse
constants,

Y00 ≈ Te Y10 ≈ ωe Y20 ≈ −ωexe Y30 ≈ ωeye ...
Y01 ≈ Be Y11 ≈ −αe Y21 ≈ γe ...
Y02 ≈ −De Y12 ≈ −βe Y22 ≈ δe ...

(2.3.4)

For isotopologues, one must take into account the influence of isotopic mass, as

Yjk ∝ µ−(j+2k)/2 (2.3.5)

with µ the reduced mass. The parameter ρ ≡ √
µ is often used instead, to

avoid the use of half-integer powers.
The Dunham parameters Yjk are effective terms, which approximate the

conventional spectroscopic constants. It is these effective terms which are used
as the standard spectroscopic parameters. Of greatest importance are the terms
for electronic energy Te, vibrational constants Yj0 where j > 0 (i.e. ωe, ωexe,
...), and the rotational constants Yj1 (i.e. Be, αe, γe). Higher order terms
of Yjk typically decrease by two orders of magnitude with j, but even more
rapidly with k. In a theoretical description of a molecule, one would include as
many parameters as the data can constrain – adding more terms means greater
chance of emulating the physics.

In addition to these terms, additional constants are invoked to describe
triplet splittings. These fine-structure terms are A, λ and γ, describing spin-
orbit, spin-spin, and spin-rotation interactions. Additional terms, Y ≡ A/B
and β, are sometimes invoked to describe anomalous spin-splitting (Kovács,
1965; Kovács and Korwar, 1970).

A more physically realistic, modern description would employ the effec-
tive Hamiltonian of Brown et al. (1979) to describe the energy levels, as was
performed by e.g. Ram et al. (1999) – see Section 3.1.1.
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2.3.3 Spectral distribution
In the hierarchy of energy levels, the electronic state has the largest influence.
Despite a common electronic ground state, the α-system of TiO is found in the
optical region from blue to red with maximum absorption in M-dwarfs near
4900 Å, while the ε-system is located in the infrared with a maximum near
8470 Å (Schwenke, 1998, Fig. 4). This is because the C3∆ state has an electronic
energy almost twice as large as that of the E3Π state – in spectroscopic units
of energy, roughly 19430 cm−1 versus 11870 cm−1, or 2.4 eV versus 1.5 eV. The
lower state in both systems is the electronic ground state.

Second largest are vibrational excitations, where each increment in the vi-
brational quantum number v for TiO typically corresponds to roughly one tenth
of a typical electronic excitation, or 1000 cm−1 (0.1 eV).

Nonzero spin may perturb energy levels. The magnitude of this effect is
typically 100 cm−1.

The smallest influence comes from rotational excitations. Rotational energy
level spacings increase monotonically with the rotational quantum number J ,
so that levels differ by e.g. 10 cm−1 at J = 10, and 100 cm−1 at J = 100.

2.3.4 Nomenclature
From these various effects on energy levels, transitions may be gathered into
groups. The nomenclature is based upon low-resolution spectroscopy, where
the different groupings were seen long before they were understood. Terms are
bold-faced when introduced.

• All transitions between the same electronic states group into a system,
e.g. the γ-system for the electronic transition A3Φ−X3∆. The order is
always upper–lower. While the transitions in a single system may span
a very large wavelength range, different systems generally occupy very
different spectral regions.

• A vibrational band consists of transitions between specific upper (vu, or
v′) and lower (vl, or v′′) vibrational states, e.g. the different vibrational
bands vu–vl = 0–0, 1–0, 0–1.

• A sequence is formed by vibrational bands with the same difference in
vibrational quantum number (∆v ≡ vu−vl), e.g. ∆v = 1 for the sequence
1–0, 2–1, 3–2. If the vibrational constants of the upper and lower states
are similar, bands in a sequence will tend toward the same spectral region.
This is a consequence of vibrational excitations of similar magnitude in
the upper and lower states.

• Vibrational bands with a specific upper or lower vibrational number are
called a progression, e.g. vu = 1 for the progressions 1–0, 1–1, 1–2.
If the vibrational excitations exhibit a linear behavior in the progressing
state, then bands in a progression will be equally spaced.

• The projection of spin S on the internuclear axis is denoted Σ = −S, ..., 0, ..., S.
For systems with nonzero spin, each value of Σ within a band defines a
subband, known as 2S + 1, ..., 2, 1 for the values Σ = −S, ..., 0, ..., S.
Hence, triplet systems have the subbands 3, 2, and 1. Subbands 1 and 3
are typically offset from subband 2 by less than 50 Å in either direction.

• Sequences of rotational lines within a band (for singlet systems) or sub-
band (for non-singlet systems) are known as a branch. All lines in a
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branch have ∆J ≡ Ju − Jl ≡ J ′ − J ′′ = ..,−2,−1, 0, 1, 2, ... The cor-
responding branches are denoted by ..., O, P,Q,R, S, .... For non-singlet
systems, the subband identification is usually appended as subscript to
the branch, giving e.g. Q2 for the Q-branch (∆J = 0) with Σ = 0 or P3

for the P -branch (∆J = −1) with Σ = 1.

• Lines within a band are separated by an amount which changes monoton-
ically. Where the energy difference between the upper and lower states
becomes zero and changes sign the same thing happens to the line sepa-
ration. As the line separation decreases, the lines pile up, giving a very
high line density. As the line separation changes sign, successive lines ap-
pear in the opposite direction from before – a turn-over. This occurs in
only one of the branches of each subband, and is known as a bandhead.
Lines of all branches in a particular subband blend on only one side of
the bandhead – the other side may be free of line opacity.

In the important electronic systems of TiO, rotational excitations are
such that the bandhead is the bluest feature of the R branch, and lines
trail off toward the red – they are said to be red degraded.

• Spin components may also be signified for an electronic state as a sub-
state. In this case, Ω is used as a subscript on Λ, such that e.g. X3∆1

represents the Λ = 2,Σ = −1 ⇒ Ω ≡ Λ + Σ = 1 substate of the ground
electronic state.

• If the orientation of spin is not conserved, Σ is different for the up-
per and lower states, and ∆N ̸= ∆J . Such transitions form satellite
branches, which are separated slightly in wavelength from the so-called
main branches by the influence of spin on energies. Such systems are
denoted by (∆N)(∆J)su,sl , where su, sl denote the upper and lower sub-
states.

For instance, the satellite branch SR21 has ∆N = 2,∆J = 1, su = 2, sl =
1. The orientation of spin changes such that Σu = 0,Σl = 1, or ∆Σ =
−1. The similar satellite branch QR12 indicates ∆N = 0,∆J = 1. The
orientation of spin changes such that Σu = 1,Σl = 0, giving ∆Σ = 1.
The first is known as an S-form R-branch, while the second is a Q-form
R-branch. The same notation could be used for redundant identification
of e.g. an R1 branch as the R-type R-branch, RR11.

Satellite branches are in general quite weak, but their observation in the
laboratory gives additional constraint on the influence of spin.

• Λ-doubling (due to Λ-type splitting) arises from couplings between de-
generate and non-degenerate states may produce level splitting. The
states involved are typically the degenerate Π state (Λ = 1) and the
non-degenerate Σ± states (Λ = 0). It is a parity effect, where energies
in the two ±|Λ| states are slightly shifted due to second-order spin-orbit
and rotational couplings.

Examples of systems involving Π states are the γ′, ε, δ and ϕ-systems.
The effect is greatest when Λ+Σ ≡ Ω = 0, and decreases with increasing
Ω-numbers. When resolved, the magnitude of the Λ-type splitting is
similar to that of successive rotational lines. When Λ-doubling is not
resolved, the degenerate lines can for economical reasons be replaced by
a single line with twice the oscillator strength.
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(a) Fixed [M/H] = 0.0 at Teff = 3600, 3400, 3200 K.

(b) [M/H] as a free parameter, with [M/H] = 0.32,−0.09,−0.56 at Teff = 3600, 3400, 3200 K.

Figure 2.3.1: UVES spectrum of GJ 876 at the strong TiO R3 0–0 bandhead
compared to synthetic models with Teff = 3200, 3400, 3600 K and log g = 4.9. In
the top box, all models use the same metallicity, illustrating the high tempera-
ture sensitivity of the molecular bandhead. In the bottom plot, the metallicity
was set as a free parameter, illustrating the degeneracy.

In addition to the complication introduced by satellite branches, there are
also forbidden systems for transitions between singlet and triplet states. These
have been found in a theoretical investigation by Schwenke (1998) to be non-
negligible in certain spectral regions, but always orders of magnitude weaker
than nearby allowed triplet or singlet systems. Few laboratory (e.g. Huber and
Herzberg, 1979, p. 646) and astrophysical (Kamiński et al., 2009) observations
of such systems exist.

2.3.5 Use in spectroscopic analyses

As shown in the top panel of Figure 2.3.1, the depth of the bandhead (compared
to the blueward pseudocontinuum), is highly temperature sensitive. However,
as shown in the bottom panel of that figure, the effect is degenerate with
metallicity. A very precise temperature can be determined for any metallicity.
But, increasing both temperature and metallicity – in this case by 0.2 dex per
100 K – reproduces a very similar spectrum.

Breaking the degeneracy and identifying optimal values for both parameters
requires a comparison to features with a different response to Teff and [M/H]. In
the bottom panel of the figure, this can be seen for the most strongly absorbed
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features, which are saturated. In this case, an optimum can be identified at
Teff = 3400 K, the black line, which matches the precise shape and depth of the
bandhead. Optimizing to the entire 120 Å wide spectral order, covering four
bandheads, the preferred temperature is Teff = 3500 K.

The χ2 minimization indicates roughly equivalent results in the range Teff =
3400–3700 K. Detailed inspection by eye however cannot strongly exclude tem-
peratures as low as Teff = 3200 K. The accompanying uncertainty in metallicity
covers values between [M/H] = −0.1 and [M/H] = 0.5 – but values as low as
[M/H] = −0.6 result from the modeling at the coolest temperature. Error bars
of this size would not allow us to determine any meaningful relationships be-
tween the occurrence of planets, and the mass and metallicity of the star (see
Schlaufman and Laughlin, 2010, and references therein). Hence, breaking this
degeneracy is the primary concern of spectroscopic analyses of cool dwarfs.

If sufficiently strong spectral features were due to lines of widely different
excitation energy, one should in principle be able to constrain the effective
temperature via the so-called excitation equilibrium. In this method, the tem-
perature is adjusted until transitions originating at different excitation ener-
gies are simultaneously best reproduced. The dependence on temperature can
be illustrated for a weak atomic line by the weak line behavior, Gray (2005,
eqn. 16.4), where the relative strength w varies as

log
(w
λ

)
= logA+ log (gfλ)− θχ− logκν + const (2.3.6)

with A the elemental abundance, f the oscillator strength, θ ≡ log e/(kT ) =
5040 K

T [eV−1], k the Boltzmann constant, χ the excitation potential, and κν
the continuous opacity. The strengths of lines resulting from similarly weakly
excited states will not depend critically on temperature, other than its effect on
κν (see e.g. Gray, 2005, eqn. 13.21). This interplay between line and continuum
opacity yields the saturation effect noted above.

From (2.3.6), we may compute relative the strengths of lines in a single
species using the weak-line approximation,

S = log(gfλ)− θχ. (2.3.7)

In the vicinity of the bandhead at 7088 Å, excitation potentials for the
more influential lines vary roughly between 0 and 0.3 eV. Including also the
very weak lines in this region, the highest excitation potentials found are less
than 0.8 eV. At a representative temperature of 3500 K (θ = 5040/3500 =
1.44 eV−1), excitation potentials of χ ≲ 0.3 eV incur a relative variation in the
line strength S of less than 3 % per 100 K difference in Teff. Thus, excitation
temperature effects on molecular lines alone can affect the degeneracy, but at
rather low precision.

Influential lines of higher excitation potentials can however be found in
other spectral regions. For instance, the lower electronic state of the δ-system
influential near 8800 Å, is excited above the ground state, so that χ > 0.5 eV.
Combining such a system with low-χ-lines in another region results in a stronger
excitation temperature constraint.

2.3.6 Problems

There are two fundamental properties of transitions which must be known for
accurate modeling of spectral lines to be possible: their strengths and wave-
lengths.
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In studies of unblended atomic spectral lines, both strengths and wave-
lengths can usually be directly identified in observed stellar spectra. Translat-
ing the observed strength into the oscillator strength of a line (the log gf -value)
requires an assumption of the stellar parameters, and possibly a treatment of
non-LTE effects.

For molecular lines, both properties can be difficult to assess astrophys-
ically. The typically large amount of blending makes the line identification
more difficult. In a spectrum such as that shown in Figure 2.3.1, only the
positions of the dominant lines can be determined, although to rather good
accuracy. The haze of weaker lines not only cannot be disentangled, but also
introduces an uncertainty in the strength measurements of the dominant lines.
Depending on the assumed depression of the continuum, the strength of the
dominant lines will differ.

Instead, the large-scale flux can be compared, as it depends primarily on
the distribution of opacity. The spectrophotometric comparisons by Plez (1998)
and Levesque et al. (2005) are good examples for this method.

In Section 3.1, a method is presented to improve transition wavelengths in
the TiO linelist. In Section 4.1, minor adjustments to the molecular constants
are shown to improve the precision by a factor of two to three. A detailed
comparison of high-resolution spectroscopic results in a large spectral range is
presented in Section 4.2. There, the improved molecular constants are shown
to also improve the accuracy of transition wavelengths. A residual bias is
identified, and discussed in depth in Section 4.2.4.
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Chapter 3

Methods

3.1 Molecular analysis

3.1.1 Laboratory line data

The Berkeley program of analysis of molecules of astrophysical interest (Davis,
1994) laid the groundwork for detailed classical modeling of the TiO molecule.
Its standard molecular constants describing energy levels were determined by
Phillips (1973). As detailed by Phillips (1969), the experimental data were
based upon arc spectra producing emission lines, dispersed by a plane-grating
spectrograph and recorded on photographic plates. The authors performed
analytical fits to individual subbands, detecting no trends in the resulting ro-
tational constants. Hence, they simply adopted the mean of these as their
preferred molecular constants, with various additional higher-order corrections
for the different systems.

The same group later (Davis et al., 1986) complemented the line positions
with measurements using the Fourier Transform Spectrograph (FTS). This ex-
perimental setup involved a sample of TiO2 heated in a King furnace, at tem-
peratures varying in the range 2300 ∼ 2600 K. The main target of this investi-
gation, rather than line positions, was the relative strengths of transitions, thus
laying the groundwork for computing oscillator strengths. An absorption line
spectrum was recorded by directing integrated sunlight through the furnace.
Solar spectral features were then removed by dividing the science spectra by
solar reference spectra recorded during the same run. Several groups have since
presented highly accurate experimental work on TiO.

Amiot et al. (1995) investigated the 1–0 band of the γ′-system using laser-
induced fluorescence. Briefly, their experiment consists of ejecting TiO from a
container by heating it. A laser beam intersects the outflow, tuned to a rather
narrow interval of energies corresponding to rotational excitations in the band
of interest, so that a highly precise emission spectrum of a single band may be
recorded. The same experiment also produced a detailed study of isotopic shifts
in the same band (Amiot et al., 2002). Hence, this is a good example of how
one may make highly precise measurements of the intricate spectral details.
Their final remarks suggest performing a global study combining high-quality
sources for both triplet and singlet systems.

Ram et al. (1999) investigated transitions in the γ-system using a titanium
hollow cathode lamp. While intended to produce spectra of TiH and TiD,
TiO was serendipitously produced by oxygen-containing impurities in the ex-
perimental setup. These highly accurate (low-temperature) laboratory data
mostly cover lines of rotational numbers J ≲ 60. Lines at higher rotational
numbers were identified in archival spectra of a sunspot, where the temper-
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atures of order 3000 K allow the molecule to form. While of lower precision,
these lines extend the data toward J ∼ 110, so that the rotational behavior
may be better studied. Their ambitious tabulations are exemplary in the listing
of observed wavelengths, optimal parameters for their subband fits, as well as
matrix elements and optimal constants of their N2 Hamiltonian description of
the molecule (following Brown et al., 1979).

Schwenke (1998) computed transition wavelengths for all systems using clas-
sical RKR descriptions, as did Plez (1998). While the latter computed line
strengths using transition moments from the ab initio analysis of Langhoff
(1997), the former performed consistent ab initio calculations. This analysis
was performed consistently with the ro-vibrational analysis of the transition en-
ergies, which should in principle produce a more realistic, complete molecular
description. Additionally, this produced wavelength and strength predictions
of a number of then unknown forbidden systems, some of which have since been
observed (Kamiński et al., 2009).

3.1.2 Producing linelists
Plez (1998) adopted primarily the Berkeley group’s molecular constants, with
updates from other authors where available. Most significantly, this is the
case for the transition strengths, where several more recent determinations are
available (e.g. Simard and Hackett, 1991; Langhoff, 1997; Dobrodey, 2001).
Unfortunately, the use of disparate sets of molecular constants may lead to
internal inconsistencies between different systems, or even within a system.
Among the strong triplet systems, α, γ, γ′ and ε all connect to the ground
state of the molecule. As transition energies are simply the difference in energy
between the upper and lower states, a distortion in the upper electronic state
may effectively cancel a corresponding distortion in the lower electronic state
– offsets in the upper and lower states are degenerate. If the combined dataset
describing different systems does not use the same representation of the ground
state, the resultant wavelengths will suffer from decreased precision, or even
systematic trends. To attempt to reduce such possible effects, Bertrand Plez
graciously agreed to share his codes for producing TiO linelists.

Energy levels are evaluated using classical computations similar to (2.3.3),
rather than the more realistic Hamiltonian description of Brown et al. (1979).
The computations employ a Klein-Dunham potential near the minimum, which
is interpolated onto the corresponding Morse potential to describe the wings of
the potential.

3.1.3 Improving the molecular constants
Starting from the codes of Plez (1998), the code segments defining molecular
constants have been extracted. An IDL-based interface to manipulate them
has been written. This interface also recompiles and executes the codes. The
resulting wavelengths are parsed and compared to a set of observed data. To
improve performance, the set of lines computed during the optimization is
restricted to cover only the input data – the final set is not restricted further
than described in Plez (1998). Errors in the laboratory data are estimated, so
that relative residuals may be computed. The MPFIT package (Markwardt,
2009) is used to automatically minimize the χ2 measure of these residuals, by
means of the Levenberg-Marquardt algorithm.

Formulæ for computing energy levels, the shape of the potentials, and the
strengths of transitions are not altered. The only alteration concerns the numer-
ical constants, and only wavelengths and excitation energies are recomputed.
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Initial runs revealed a systematic tendency to shift the ground state up-
wards by several tens of eV, far beyond the dissociation limit of the molecule.
The behavior was probably induced by the transition computation code which
rejects lines connecting to negative energy levels. When a shift in one of the
parameters resulted in the energy level of at least one transition to become neg-
ative, that transition is no longer computed. To the optimization algorithm,
the computed wavelength appears as 0. This enormous deviation in wavelength
causes a very strong spike in χ2. The strong gradient encourages the algorithm
to move all energies away from the lower limit, resulting in unrealistic energy
levels.

Rather than tie the ground-state energy levels to zero energy, a constrained
optimization was implemented. This involved determining Lagrangian multi-
pliers for the free parameters. They were chosen to work well enough when
simply adapting the mean absolute derivative of all lines, for each free param-
eter. Rescaling the Lagrangian multipliers by an order of magnitude in either
direction did not significantly affect the fit. An advantage to this method,
rather than adding specific logic regarding the ground energy level, is that
weakly constrained parameters are discouraged from varying too strongly.

In total, 76 free parameters were used in the optimization. A typical run
constraining ∼30000 lines performs between six and ten iterations of the proce-
dure, requiring a few hours of computations. Most of this time is spent by the
interface parsing the computed linelist. Computing the full linelist, contain-
ing some 56 million lines in total for the five isotopologues, requires roughly
another hour of computations.

3.1.4 Data sample

For the observational data, we chose to fit lines in the strong triplet systems γ,
γ′ and α. The two former are chosen since they dominate the spectral regions
we wish to examine in M-dwarfs. The α-system is included to help constrain
the ground state, and avoid runaway high-order constants.

The primary data set used in this work is the collection of ∼ 35000 triplet
lines in the list published by the Berkeley group (based upon Phillips, 1969,
1973; Davis et al., 1986, available online1). The data are a combination of the
investigations described by Phillips (1973, arc spectra on photographic plates)
and Davis et al. (1986, furnace absorption spectra using the FTS). While the
former has lower precision in the wavelength determinations, the latter could
be expected to suffer more from blending. The resolving limit in the FTS
observations is said to be 0.045 cm−1, similar to the Doppler width. For the
photographic plates, no such estimate is given. What is available however are
the lines’ relative intensities. From manually comparing these measurements to
the theoretical wavelengths, we invoke a two-step estimation of uncertainties as
0.04 and 0.08 Å for lines stronger or weaker than an arbitrarily chosen threshold
for the sum of the tabulated relative intensities, weighted to prefer FTS values.
A threshold between the uncertainty estimates is chosen at a summed weighted
strength of IF + IA/2 = 10 – each relative intensity scales between 0 and 100,
presumably on a linear scale. It is not known how these source intensities were
determined. For some lines, both intensities are in fact stated as 0. Rather
than dwell on these numbers, we reject fully unresolved blends by the criterion
of multiple lines listed with equal wavelengths. This removes roughly one third
of all lines in that listing.

1http://kurucz.harvard.edu/molecules/TiO/tioberkeley.dat
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We supplement the Berkeley data with the highly accurate data for nearly
4000 lines tabulated by Ram et al. (1999). Two minor typos were discovered
in the tabulation: the transition A3Φ3 − X2∆3 must have had its values for
multiplicity and Ω flipped (otherwise, either the magnitude or direction of spin
would not be conserved – the former would mean a forbidden transition, the
latter a satellite branch), and the transition with wavenumber 12670.5236 was
meant to be listed as 12680.5236 (this is obvious from plotting as a function of
Jl the branch’s wavelengths λ or their derivatives dλ/dJl).

We apply their worst-case estimates of uncertainties, i.e. 0.005 cm−1 and
0.015 cm−1 for the lab and sunspot measurements, respectively. At a typical
wavelength of 7000 Å, they correspond to 0.0025 Å and 0.007 Å. This is an
order of magnitude better than the larger data set. For lines available in both
the Berkeley and Ram’s data sets, we always choose the latter. The majority
of lines in this supplemental data set replace a previous measurement, so that
the final data set constitutes 24736 lines, 16 % of which come from Ram et al.
(1999).

3.1.5 Methods
With these data samples, we apply two different methods when optimizing the
transition wavelengths. The first is an ad-hoc adjustment of wavelengths, the
second a consistent adjustment of molecular constants.

The ad-hoc method can be applied on a line-by-line basis, which ensures
accurate (but not necessarily precise) individual wavelengths for lines which
have been observed in the laboratory. This method is used for the standard
TiO linelist as delivered by VALD32. A comparison between observed and
theoretical wavelengths, i.e. the precise corrections applied, can be seen at the
VALD-Wiki3.

A more realistic approach should acknowledge the behavior of rotational
lines. The formalism applied to theoretical linelists, Equation 2.3.3, describes
this using a polynomial expansion. Within a branch, or even a subband, in-
cremental rotational lines appear with monotonically varying wavelength dif-
ferences (see e.g. Bernath, 2005, fig. 9.12). Hence, wavelength corrections are
computed from a polynomial fit to the laboratory wavelengths. This should
reduce the influence of typographical and single measurement errors, as well as
improve upon the precision of individual transition wavelengths.

The second method is the one described in Section 3.1.3. All observed lines
are used for a simultaneous, global fit of all relevant molecular constants.

Neither of these methods will change the line oscillator strengths. Adding
the fitting of line strengths to laboratory values (when such are available) would
in itself likely require a larger amount of work than for the present improvement
of transition wavelengths, and would with present data sets most likely not
improve upon current results. Such efforts are best suited for detailed ab initio
analyses.

3.2 Spectroscopic methods
Spectra are synthesized using SME (Valenti and Piskunov, 1996; Valenti et al.,
1998; Valenti and Fischer, 2005) with atomic line data from VALD34 (Piskunov
et al., 1995; Kupka et al., 1999), and the latest MARCS model atmosphere grid

2VALD2 does not list molecules.
3http://www.astro.uu.se/valdwiki/TiO
4http://vald.astro.uu.se/~vald/php/vald.php
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Table 3.2.1: The analyzed M-dwarf sample

Star ID Typea Observatoryb Resolution Spectral orders
GJ 725 B M3.5 McDonald 121000 52, 49, 41, 40
GJ 752 A M3.5 McDonald 121000 49, 41
GJ 825 M0 McDonald 121000 49, 41
GJ 876 M5 McDonald 121000 52, 49, 41

Keck 67000 53–46
VLT 68000 99–82, 79–66

GJ 880 M2 McDonald 121000 49, 41

a Spectral type as defined in the SIMBAD database.
b See Figure 3.2.1 for an illustration of the spectral coverage.

Figure 3.2.1: Graphical representation of the spectral coverage in the three
different data sets. Red colors identify spectral orders (numbered) which have
been analyzed in detail.

(Gustafsson et al., 2008). The version of SME used here (2.82) implements
several improvements over previous versions, including improved performance
when computing spectra from large linelists.

A short introduction to spectral synthesis, and the application to observa-
tions is given in Section 2.1.

3.2.1 Observations
We utilize spectra from multiple sets of observations, tabulated in Table 3.2.1.
The precise wavelength coverage of reduced spectra from the different observa-
tions is illustrated in Figure 3.2.1.

The first set of spectra were recorded at high resolution (R ∼ 67000) at Keck
Observatory, as described by Valenti and Fischer (2005). Observations were
carried out as part of planet search programs, covering a large sample of stars
using the HIRES5 spectrograph installed on the 10-meter Keck II telescope.
Time series of observations allow the determination of systematic variations in
the stars’ radial velocities. Such variations may then be used to infer (or reject)
the existence of exoplanets.

Valenti and Fischer (2005) performed homogeneous analyses on this sample
returning the stellar parameters and chemical composition of 1040 suitable
stars of spectral type F, G or K, with Teff > 4700 K. The results of that survey,
coupled with the identification of multiple exoplanet hosts in the sample, led to
the conclusion by Fischer and Valenti (2005) that a correlation exists between
stellar metallicity and the presence of Jupiter-mass exoplanets.

5http://www2.keck.hawaii.edu/inst/hires/
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A benefit of using time series of observations is that removal of weaker
telluric lines is possible. This is due to the fact that the laboratory-frame radial
velocity of the star varies during not only slightly during the night, but also by
a large amount during the year. This introduces a varying shift between telluric
and stellar absorption lines, so that the former may be removed. Sufficiently
strong telluric lines are not possible to remove even by this method, as their
spectral coverage is greater than the difference in radial velocities. A drawback
of this method is that it requires a clever method of interpolating observations
onto the wavelength solution of a template, which must be robust. It turned
out during the course of this investigation that this was not the case for our
particular set of spectra, with residual wavelength drifting from end to end of
spectral orders by roughly 0.2 Å.

Spectra of hot, B-type stars observed on the same nights were used for
improved blaze function removal. The resulting continuum normalization seems
realistic. In a few cases, significant slopes in the pseudocontinuum level of the
observed spectrum are fully reproducible by synthesis. This indicates that they
are physical, resulting from the uneven distribution of opacity trailing from
strong bandheads. Detailed analyses are performed on a single star in this set
of data, GJ 876. Only the spectrum recorded by the IR detector was used.
A spectrum of GJ 250 B recorded with all three detectors was also available,
but with blaze functions intact. A rough empirical continuum normalization
was performed, allowing a cursory overview of spectral regions below 6000 Å,
reaching the UV.

As problems in the wavelength solution of the high-quality HIRES spectrum
of GJ 876 were identified quite late during this investigation, after substantial
effort had already been invested in making synthesis agree with observations, an
observation of the same star was extracted from the ESO archive (Program ID
084.C-0403(A)). The observations are described by Gálvez-Ortiz et al. (2010).
The UVES spectrograph was centered on 760 nm, with spectra recorded by two
detectors at high resolution (R ∼ 680000). The detectors are separated by a
small gap, so that roughly one spectral order is lost.

A small set of spectra was recorded at very high resolution (R ∼ 121000)
at McDonald Observatory, as described by Johns-Krull and Valenti (1996);
Valenti et al. (1998). Observations of seven M-dwarfs were carried out using
the 2dCoudé spectrograph6 on the 2.7-meter Harlan J. Smith telescope, with
the intent to study strong magnetic fields. Blaze functions were removed em-
pirically, by assuming that spectral orders without bandheads exhibit similar
distribution of line strengths across the order. As the variation in the blaze
function varies smoothly between spectral orders, the blaze function was in-
terpolated from adjacent orders, and applied to the order containing a strong
bandhead. From these observations, we analyze a subset of the spectral orders
for five inactive M-dwarfs, including GJ 876.

3.2.2 Optimal parameter search

In this analysis, continuum and line points are determined by a preliminary
comparison of observations and synthesis. The comparison is made for sev-
eral synthetic spectra computed with different stellar parameters. Continuum
points are selected where the spectrum seems least affected by absorption and
in the synthesis shows the least response to variations in the stellar parameters.
Line features are selected where good morphological agreement is found with

6http://www.as.utexas.edu/mcdonald/facilities/2.7m/cs2.html
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predictions from synthesis. When the morphology is found to depend on the
stellar parameters, the linemask is chosen to cover a variety of indicators.

The continuum level is allowed to vary freely, usually by a scaling factor.
In a few cases, a small end-to-end inclination in the continuum level was iden-
tified. This was corrected by adding a free parameter describing the continuum
slope. The influence of different line features on the stellar parameters is au-
tomatically determined by SME in a Levenberg-Marquardt minimization. In
the optimization procedure, the continuum level is determined for each trial
synthesis.

The automatic parameter optimization routine in SME is able to locate the
global minimum even when initial parameters are poorly guessed. In the case of
degenerate optimal parameters however, global optima lie along a line not nec-
essarily delimited by the astrophysically motivated range of valid parameters.
For instance, we would not expect Teff > 3900 K for a dwarf star of spectral
type M5, or [M/H] > 1 for any star, but such combinations are formally allowed
by the degenerate relation. A poor initial guess may lead the optimizer outside
the grid of model atmospheres, so that its results are no longer meaningful, and
it cannot continue.

For this reason, multiple initial guesses are made, usually in a grid of pa-
rameters covering 3100 K < Teff < 3800 K, −1 < [M/H] < 0.5. Additionally,
the degenerate relations are traced by setting fixed values of Teff at increments
of 100 K in this range, with [M/H] the only free parameter.

The precision of the derived metallicity at an assumed temperature is esti-
mated by inspection of the χ2 curves at all temperatures. Likewise, the pre-
cision of the identified optimal temperature is estimated from the behavior of
χ2 as a function of Teff on the optimal Teff-[M/H]-relation. As a bonus, this
method validates that the optimal combination Teff-[M/H] is indeed a global
optimum.

The most difficult degenerate cases are those of spectral regions containing
only molecular lines, and no significant atomic features. With a single species,
the degeneracy between Teff and [M/H] is nearly perfect, broken only by usu-
ally small or localized effects of excitation temperature or saturation at the
bandhead (see Figure 2.3.1). The localization of the optimum might thus be
sensitive to systematics. For instance, a minute bending of the continuum in
a region of strong absorption – such as near a bandhead – may easily go un-
noticed. But it may result in a spectrum which indicates either stronger or
weaker absorption than is actually the case.

This is where the use of atomic lines is most important. In the equation
of state, the sensitivity of atomic populations to temperature is smaller than
it is for molecular species, which results in a different degenerate Teff-[M/H]
relation. Hence, combining molecular and atomic lines produces a global opti-
mum. While the former are most sensitive to temperature, weak atomic lines
are most sensitive to metallicity.

Atomic lines of different properties can give additional constraints. First,
lines of different species indicate different elemental abundances. If enough
atomic lines are available to break the Teff-[M/H] degeneracy, a subset of weak
lines formed by α-elements could be used to constrain the overall metallic-
ity, while others indicate individual elemental abundances. Second, if a large
enough set of lines from a single species were available, their differential effects
could produce additional constraints (see Section 2.1). For instance, weak lines
of different excitation energies constrain the excitation temperature, while lines
of different strength constrain the microturbulence parameter. Lines formed at
different ionization stages of the same element are sensitive to the ionization

34



balance, which depends most strongly on the surface gravity, log g. Finally,
the wings of strong atomic lines give additional direct temperature constraints,
although these effects are degenerate with log g.

Molecular lines are not pressure sensitive, but a second-order effect comes
from the equation of state, as higher pressure leads to more efficient molecular
formation. While this leads to more molecules in the atmosphere, the com-
bined influence on continuous opacity and TiO are found to nearly cancel. For
completeness, the degenerate relations are derived at multiple values of log g.

The primary value of log g is computed from the empirical log g–mass rela-
tionship derived by Bean et al. (2006b), which has a quoted standard deviation
of 0.08 dex. Masses are computed from photometric MK magnitudes. Their
data set is a compilation of interferometric measurements of single stars and
of eclipsing binaries. Stars in short-period binaries are known to exhibit radii
inflated by some 10 %, induced by rapid rotation (Kraus et al., 2011). If the fit
is significantly affected by such systems, the fit may indicate log g values sys-
tematically overestimated by as much as 0.1 dex. As shall be shown, errors of
this magnitude have rather small influence on the resulting stellar parameters.

Finally, note that Hα is not a strong line in cool dwarfs. In solar-type
stars, its broad wings resulting from self-broadening and electron collisions are
accurate temperature indicators (Barklem et al., 2000). In M-dwarfs, the low
temperatures lead to low ionization fractions, and thus a low electron pressure.
For hydrogen specifically, most atoms are in fact neither ionized nor neutral, but
instead molecular, locked up in H2. These two facts remove both the principal
sources of Hα broadening, leaving only a core in the spectrum. The core itself
is temperature sensitive in inactive M-dwarfs, such as those studied here, but
we do not compute or attempt to probe this.

3.2.3 Atmospheric broadening and rotation

The parameters of interest were introduced in Section 2.1.3: microturbulence
(ξ), macroturbulence (vmac), and rotation (v sin i).

In analyses of solar-type stars, one typically applies a free-parameter fit
to a large number of individual atomic lines, for which the microturbulence
is solved globally. It is adjusted until a large set of both weak and saturated
lines of a single element all indicate the same abundance – or at least, do not
indicate a systematic dependence on the indicated abundance as a function of
line strength. Typically, Fe i lines are used, as there are plenty of them.

The macroturbulence and projected rotational velocity are typically solved
for globally or line-by-line, either individually, combined into an approximated
single parameter, or with one parameter fixed at an assumed (or independently
derived) value and the other free. If the instrumental profile is similar to
the combined effects of macroturbulence and rotation, then they cannot be
separated into components, as their influence on spectral lines is similar.

In the analyses of molecular lines, microturbulence is problematic. Unlike
the previous broadening effects, microturbulence affects the strength of lines,
and thus the metallicity determination. Its value is difficult to constrain since
we do not have unblended molecular line of different strength to compare.

The literature contains different methods for how to treat these parameters
in M-dwarf analyses.

Valenti et al. (1998) set the microturbulence parameter to zero, and allowed
the macroturbulence to vary. Typical results for vmac range between 0 and
2 km s−1 (combined into an optimum at vmac = 0.8 ± 0.7 km s−1) from their
various combinations of spectral regions.
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Bean et al. (2006b,a) use a larger number of atomic lines, and solve simul-
taneously for micro- and macroturbulence. Their mean results for eight stars
with standard deviations added in quadrature are ξ = 0.90 ± 0.17 km s−1 and
vmac = 0.90 ± 0.57 km s−1.

Önehag et al. (2011) use a fixed ξ = 1 km s−1 and v sin i = 0 for their
targets, and let vmac vary. Their results typically indicate vmac < 4 km s−1,
with a median below 1 km s−1.

The compilation by Jenkins et al. (2009) lists detections or upper limits
consistent with v sin i < 3 km s−1 for GJ 752 A, GJ 876, and GJ 880. Addition-
ally, Valenti et al. (1998) directly compare the spectra of the five stars in this
work with those of two active stars, and conclude that rotational velocities of
the five inactive stars are compatible with v sin i < 1 km s−1.

As a reasonable compromise, and to avoid additional complication to the
analysis, we fix for all stars all three parameters at 1 km s−1. Thus, the micro-
turbulence is consistent with the estimates or error bars listed above. Direct
investigation of the spectra of GJ 876 at R ∼ 121000 with vmac = 0 indicate
v sin i ≲ 3 km s−1, as expected from the width of the instrumental profile. At
R ∼ 68000, the instrumental profile widens, and thus the sensitivity decreases
even further.

3.2.4 Line data

Atomic line data extracted from VALD was merged with the sets of TiO linelists
described in Section 4.1.1. For the analysis detailed here, the linelist with
improved molecular constants and fine tuned wavelengths is used (This work),
as it was studied most closely in the evaluation of the improvements to the
molecular model. It does however overall produce the spectra in best agreement
with observations. As concluded in Section 4.1.3, significant differences in the
derived atmospheric parameters should not be expected from the Plez 2009
(lab) linelist.

In addition to atomic and TiO lines, lines from VO and CaH (B. Plez, priv.
comm.) are included in regions where they are expected to have significant
influence – see Figure 2.1.1 for an illustration and Section 2.1.5 for a discussion
on this.

In the analysis, atomic lines are used in the state VALD3 delivers them. We
do not solve for astrophysical oscillator strengths, and do not apply corrections
to Unsöld damping factors. The increase by a factor 2.5 advocated by Valenti
et al. (1998); Valenti and Fischer (2005) seems valid for solar-type stars, but
the correct behavior for cool dwarfs is unknown. Direct comparisons with and
without such an enhancement factor for TiO lines themselves show negligible
effects, as individual lines are generally not sufficiently strong. Strong atomic
lines are few and sparse in our spectra. Where strong atomic lines significantly
influence the spectrum, we include a direct analysis of surface gravities, which
can be used as a proxy for the damping behavior. Unfortunately, the effect
of line broadening on the wings of strong lines is degenerate with the effective
temperature. Altering the surface gravity (or damping parameters) tends to
merely shift the optimal temperature. As shall be demonstrated, the rather
large systematic uncertainties in the atmospheric parameters of M-dwarfs does
not allow for a precise calibration. Additionally, uncertainties in the continuum
normalization may lead to significant offsets in the results.

In order to avoid overly long computations, a selection of lines must be
made according to strength. VALD uses a formalism where lines are individ-
ually synthesized, and a cutoff is performed according to their central depth

36



Figure 3.2.2: The cumulative distribution of line densities as a function of
line strength S, computed according to Equation 2.3.7 at Teff = 3000 K in
the four spectral orders examined for the McDonald spectra. The spectral
orders are denoted by their central wavelength. The comparisons were made
at Teff = 3000 K, [M/H] = 0.0, log g = 4.5. Dashed lines represent the cutoff
values investigated, and the thick red line the chosen cutoff, applied to all
spectral regions.

(Piskunov et al., 1995). While this is possible, and indeed done, for very large
lists of molecular lines in VALD3, an intrinsic problem arises for very weak
lines. If their individual central line depths are similar to the accuracy of the
radiative transfer solution, then we risk rejecting a veil of weak but collectively
important molecular lines. Valenti et al. (1998) implement a formalism based
on the weak line approximation (see Equation 2.3.7), with isotopic abundance
fractions factored in. In Plez’s linelists, these fractions are multiplied into the
oscillator strengths, so that the weak line formalism may be used as is. For
simplicity, this method is chosen here.

For the linelist of Plez (1998), Bean et al. (2006b) derived cutoff values in
each of their three investigated spectral regions, resulting in cutoff values as
low as S > −0.51, and a line density of 800 Å−1 in the region centered on the
7090 Å bandhead.

Rather than, tediously, determine individual cutoff values for each spectral
region of each spectrograph, a detailed comparison was made in all four spec-
tral orders from the McDonald dataset of GJ 725 B, with the representative
atmospheric parameters Teff = 3500 K, [M/H] = 0.0, log g = 4.5. For refer-
ence, their cumulative distributions of line densities (number of lines per Å)
for lines stronger than S are shown in Figure 3.2.2. Multiple cutoff values were
examined, S = −5, −2, −1, −0.5, 0, 1, and 2.

In the spectral orders centered on 6680, 7090, and 8475 Å, a cutoff of S > 0
is found to be sufficient, producing no spectral variations greater than 0.4 %,
as compared to the case with the largest amount of lines. The influence of
additional lines drops rapidly, so whether we compare to the cases with S > −1
or even lower cutoff values yields insignificant differences. In the spectral order
centered on 8685 Å, the influence of molecular absorption is so small that S = 1
is sufficient for the criterion of maximum allowed spectral variations.
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The first two regions represent the case of very strong overall absorption
caused by the γ-system. The third region represents the case of rather weak
overall absorption, with TiO features due to both the γ and the ε-system. The
fourth region represents the case of very weak absorption overall. We may
assume that these results hold for the regions evaluated in this work, so that
S = 0 should be a sufficient global cutoff.

3.2.5 Photometric comparison
All photometric measurements are extracted from the SIMBAD database. Tem-
peratures are derived from the Casagrande et al. (2008) calibration using all
available indices. The result is the mean of calibrations applied to all valid
combinations of the photometric magnitudes listed in SIMBAD. Uncertainties
are estimated by the cited standard deviation of each fit, added in quadrature
to the dispersion of all results.

The photometric calibration of Neves et al. (2012) is applied to the V and
K magnitudes, as described in Section 2.2.3. Absolute MK magnitudes are
derived using parallax estimates from the SIMBAD database.
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Chapter 4

Results

In this chapter, two paths shall be attempted to improve the spectroscopic ana-
lyses of M-dwarfs. Section 4.1 focuses on improving the precision of transition
wavelengths by adjusting the molecular constants. It is found that while both
the precision and accuracy can be improved, this does not significantly affect
the spectroscopic analysis.

In Section 4.2 (on page 54), stellar parameters are independently derived
from multiple spectral regions. Significant differences are found, indicating
that analyses involving the strong TiO bandheads near 7100 Å likely show a
systematic bias toward low metallicities (or high temperatures). Instead, the
weaker, very well reproduced TiO region near 7700 Å should be used. This
effect either does not exist or is weaker for warm, early-type M-dwarfs. Several
possible reasons for the discrepancy are discussed in Section 4.2.4. Results are
found to qualitatively indicate what is expected from an inaccurate line haze.

4.1 Improving the TiO linelist
As a first step to improve the spectroscopic analyses of M-dwarfs, transition
wavelengths in the TiO linelist was targeted. Large discrepancies are known
to exist even for rather strong transitions in the theoretical linelists (see e.g.
Valenti et al., 1998). If this is the case for strong transitions, which have been
individually identified in the laboratory, one might assume things are even
worse for the weaker transitions. While a linelist based upon the most realistic
molecular description of TiO would be preferred, we present here a first effort
to improve the current linelist of Plez (1998).

Existing analyses were summarized in Section 3.1.1. The method for opti-
mizing the molecular constants of Plez (1998) was presented in Section 3.1.3.
Results are compared directly to laboratory data in Section 4.1.1, and to stellar
spectra in Section 4.1.2.

4.1.1 Theoretical comparisons
The altered molecular constants are listed in Table 4.1.1 and Table 4.1.2.

Significant differences are seen only in the high-order (γe, βe and δe) or
spin-related terms (β, A or Y , and γ). The former result is expected, as these
are the least influential, and thus the least constrained parameters.

The B3Π state sees large variations in its high-order parameters. This
is due to its sparse availability of laboratory data, and the large amount of
blending in this data. Parameter βe in particular varies by more than an
order of magnitude, even changing sign. Additionally, the quadratic vibrational
term ωexe changes sign – an effect of the poor coverage of laboratory data for
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Table 4.1.1: Molecular constants of the modified X3∆ and B3Π states

X3∆ B3Π

Constant New Previous New Previous
Te 0.0 0.0 16205.225 16215.330
ωe 1009.1704 1009.0208 894.4546 873.5630
ωexe 4.55983 4.49780 −6.84608 5.00000
ωeye −0.004055 −0.010700
Be 0.535343 0.535412 0.4915771 0.5076756
αe 0.00302591 0.0030110 −0.029025 0.0032132
γe × 106 −8.878 −11.000
De × 107 −5.99399 −6.02900 −4.31128 −7.02750
βe × 109 −3.6178 −3.4000 −514.591 10.5000
β −3.1018 −3.4100 9.1020 −0.1423
Aa 47.60017 50.44958
Y 29.5268 39.3780
γ 0.024949 0.021460
a A = YvBv, as Phillips (1974) found neither systematic nor constrained variations.

Table 4.1.2: Molecular constants of the modified A3Φ and C3∆ states

A3Φ C3∆

Constant New Previous New Previous
Te 14163.538 14163.323 19426.227 19424.858
ωe 867.51519 867.77990 836.06934 838.25670
ωexe 3.8351 3.9422 3.8264 4.7592
ωeye −0.0115 0.0 −0.0673 0.0468
Be 0.507306 0.507390 0.489871 0.489888
αe 0.003162 0.003145 0.003128 0.003062
γe × 106 −7.593 −10.0 5.066 −30.0
De × 107 −6.8934 −6.9180 −6.6846 −6.6270
βe × 109 −1.366 −2.3 1.671 −9.6
δe × 109 0.161 0.0 2.953 1.60
Y (v = 0) 110.483 114.401 92.3912 99.1655
Y (v = 1) 110.981 114.905 92.8752 99.7283
Y (v = 2) 111.494 115.400 91.1209 97.7168
Y (v = 3) 112.002 115.993 92.2482 98.7447
Y (v = 4) 112.544 116.568 93.4199 99.8543
Y (v = 5) 113.088 117.102 93.0117 100.557
β(v = 0) 1.43159 1.0880 2.95466 2.3960
β(v = 1) 1.41867 1.0880 3.31755 2.8250
β(v = 2) 1.40707 1.0880 4.94989 4.3740
β(v = 3) 1.41935 1.0880 4.52228 3.8620
β(v = 4) 1.39535 1.0880 2.70648 2.5110
β(v = 5) 1.34442 1.0880 0.05148 0.9160
γ(v = 0) −0.01058 0.00153 −0.04635 −0.03630
γ(v = 1) −0.01025 0.00153 −0.04550 −0.03631
γ(v = 2) −0.01009 0.00153 −0.06197 −0.05183
γ(v = 3) −0.01041 0.00153 −0.04747 −0.04087
γ(v = 4) −0.01062 0.00153 −0.03452 −0.02621
γ(v = 5) −0.01159 0.00153 −0.04159 0.00780
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transitions at different vibrational excitations. There is a notable, disturbing
tendency of significant differences even in low-order terms, such as the electronic
energy Te.

Correlated changes appear in the spin-description of all systems. With
the exception of the B3Π state, these parameters do however appear to be
well constrained. This is seen in the detailed behavior in the A3Φ and C3∆
states. The Y parameter of the A3Φ state had previously been found to vary
with the vibrational number v. It corresponds to the linear relation Y =
114.365± 0.026+ v(0.545± 0.009). The new fit leads to less noise in the trend,
Y = 110.464 ± 0.014 + v(0.521 ± 0.005). This indicates that features of the
anomalous triplet splittings were indeed absorbed into the β and γ constants.
These constants in turn do not exhibit unexpectedly large variations, other than
an overall offset in the A3Φ state. The scatter exhibited by the β parameter of
the C3∆ state is in line with the previous determinations.

In the ground X3∆ state, the vibrational and rotational constants are now
rather similar to those determined by Schwenke (1998). The spin-splitting
constant A on the other hand diverges from the previous quite close agreement.
The A3Φ and C3∆ states exhibit the same pattern, although their spin-splitting
constants cannot be directly compared to those of Schwenke (1998) as they use
a different formalism for this effect.

Comparing the resulting theoretical transition wavelengths to the labora-
tory data, the reduced χ2 of the fitting sample decreases by an order of mag-
nitude, from 3.36 to 0.42. The influence on the total χ2 from the parameter
constraint in the fitting procedure is negligible. The fact that we find a reduced
χ2 less than unity indicates underestimated measurement uncertainties. It may
also indicate some amount of smoothing in the laboratory data, resulting from
the line identification and centroid measurement procedures.

The improvement in the wavelength determinations is illustrated for the
best laboratory data – those from Ram et al. (1999) – in Figure 4.1.1. Although
results greatly improve, systematic residuals of magnitude less than 0.1 Å re-
main. These residuals are larger at the extremes of Jlow, with a characteristic
bending indicating higher-order effects.

Residuals of the Ram et al. (1999) data set in the fine tuned linelist are
less than 0.01 Å. This is roughly consistent with the error estimates for that
data source. In the full data set, including lines rejected from the optimization,
systematic deviations remain with single deviations as large as 2 Å.

In the full data set, the difference between predicted and observed transition
γ-system wavelengths is 0.003± 0.078 Å, compared to −0.042± 0.111 Å in Plez
(1998). The corresponding results are −0.401 ± 0.749 Å (c.f. 0.971 ± 0.892 Å)
for the γ′-system, and −0.003±0.223 Å (c.f. 0.107±0.590 Å) for the α-system.
The global fit has not only minimized the systematic offsets of these systems,
but also reduced the overall dispersion. Theoretical wavelengths are compared
to the full laboratory data sets of all three systems in Figure 4.1.2, Figure 4.1.3
and Figure 4.1.4.

The largest remaining deviations appear for high-rotational lines, and high-
vibrational bands. This can be interpreted as lacking data quality for these
observations producing insufficient constraints on the physical model, so that
the polynomial description as expected deviates at the extremes. The most
extreme such remaining discrepancies can be used as an indication for those
transitions where no laboratory data is available at all – e.g. the isotopic lines,
the singlet systems, and the ε-system.

Comparing the three systems, the correspondence between theory and ob-
servations in the γ-system is obviously superior to the others. The strange
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Figure 4.1.1: Comparison of observed and predicted wavelengths in the best
laboratory data set available (Ram et al., 1999), covering roughly 4000 lines
in the γ-system. The upper plot shows results for the Plez 2009 linelist, and
the lower This work. Each line represents transitions in an individual branch.
Branches with large gaps in the data sampling are represented by crosses rather
than lines. Single deviating data points are likely due to blending causing
misidentification in the laboratory data set, or typographical errors. The mean
and standard deviation between observations and predictions are represented
by the white horizontal line and the shaded areas. Colors represent the lower
level vibrational quantum numbers, vlow = 0, 1, 2, ...

behavior of the γ′-system was unfortunately recognized and understood rather
late in the course of this investigation. The strong deviation of one of the sub-
bands is further investigated and discussed in Section 4.1.2 and Section 4.1.3.
Briefly, these results were caused by an inappropriately strong quality-based
data rejection, which led to undersampling of strongly blended data. An alter-
native fit was attempted, shown in the bottom frame of Figure 4.1.4. While it
did remove the significant offset of the deviating subband, a strong trend with
Jlow remains, and an instability propagated into the higher-order vibrational
constants of the B3Π state.

Residual deviations in the theoretical linelists are removed by means of
polynomial corrections. Third-order polynomials fitted to the residuals of each
branch were found to be sufficient, while not over-fitting the observations. The
use of polynomial fits rather than individual corrections reduces the influence
of typographical errors and single misidentified transitions in the laboratory
data.
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Figure 4.1.2: Comparison between predicted and observed wavelengths in the
full laboratory data set of 12000 lines in the α-system. Details as in Figure 4.1.1.
Several branches in the top frame lie entirely outside the plot area.

Figure 4.1.3: Comparison between predicted and observed wavelengths in the
full laboratory data set of 21000 lines in the γ-system. Details as in Figure 4.1.1.
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Figure 4.1.4: Comparison between predicted and observed wavelengths in the
full laboratory data set of 1500 lines in the γ′-system. Details as in Figure 4.1.1.
An alternative approach was tried to correct the outlying subband (bottom
panel). Unfortunately, these results proved to be unstable – see text for details.
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4.1.2 Comparison to stellar spectra
Synthetic spectra are compared to the high-resolution (R ∼ 68000) UVES
observations of GJ 876, in the wavelength range 6000–9000 Å. Most of the
observed spectrum below λ ∼ 6000 Å suffers from data reduction problems
giving an uncertain continuum placement, which complicates direct compari-
son. The resulting wavelength coverage unfortunately removes the α-system
from the comparison, and leaves only parts of the γ′-system. The main focus
of the comparison will be the γ-system, as it is the most commonly analyzed
absorption system. Effects on the ε-system are also found to be illustrative.

The linelists considered in this comparison are

• “Plez 2009”: The linelist of Plez (1998) – based primarily on the molec-
ular constants of Phillips (1973) – in its most recently updated form.

• “Plez 2009 (lab)”: The Plez 2009 linelist, with laboratory wavelengths
applied to relevant transitions using polynomial fits.

• “This work”: A linelist computed from improved molecular constants,
with laboratory wavelengths applied using polynomial fits.

• “Schwenke 1998”: Schwenke’s linelist, produced from an internally con-
sistent molecular description.

In the previous section, we saw significant improvements from the Plez 2009
linelist in the strong absorption bands of the γ-system. This indicates an im-
proved precision in the dominant transitions. The fact that the precision of
predicted transition wavelengths is insufficient for high-resolution spectroscopy
was already identified by Valenti et al. (1998). The same results have been
found in this work to be valid for the Plez 2009 linelist.

Results presented here shall instead focus on comparisons between This
work and the Plez 2009 (lab) linelists. As both linelists use laboratory
wavelengths where available, differences are due to the influence of the lines
not directly observed in the laboratory – i.e. a measure of the accuracy.

Direct comparison of spectra synthesized with the different linelists is ham-
pered by the fact that differences are subtle in the well-reproduced regions.
However, the χ2 of the optimal fit to observations is generally lower in This
work than Plez 2009 (lab) – often by a factor two to three. The resulting
constraint on stellar parameters should be improved as the spectra are more
accurately reproduced. Synthetic spectra using the Schwenke 1998 linelist
are generally very similar to those using Plez 2009 (lab), with a tendency for
slightly lower precision.

Representative comparisons between This work and Plez 2009 (lab) for
the γ-system are shown in Figures 4.1.5, 4.1.6 and 4.1.7. The poor reproduction
of strong γ′ features is illustrated in Figure 4.1.8. The unfortunate case of the
weak ε-system is presented in Figure 4.1.9.

In Figure 4.1.5, the strong dual γ-system bandheads at 7125 Å are shown,
along with its trailing absorption. The strong absorption in this region is caused
primarily by the 0-0 band, with significant contribution from all isotopologues.
Significant absorption due to the 1-1 band (also in the ∆v = 0 sequence) is
also present, along with a plethora of weaker bands. This work exhibits an
overall better reproduction of both strong and weak absorption features, with
more than a factor of two improvement in the χ2. There is a tendency in This
work that weakly absorbed regions between strong features are systematically
weaker than what results from Plez 2009 (lab). This is because the weak
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Figure 4.1.5: Observations of GJ 876 in part of UVES’s spectral order #85
compared to synthesis at Teff = 3500 K, [M/H] = 0.0, log g = 4.9. The thick
black and green lines were computed using the linelists of This work and Plez
2009 (lab), respectively. The thin black line represents observations. The light
and dark shaded regions represent continuum and line points used in the fitting
procedure for continuum placement and χ2 determination. While differences
are subtle, the overall fit is in fact significantly better for This work.

lines responsible for the haze absorption are not directly observed in the labo-
ratory. If the molecular description is off, then these lines will exhibit rather
large systematic errors. The superposition of multiple such systematic errors
will tend toward a stochastic distribution of wavelengths, which produces a
mostly featureless haze of absorption simply depressing the continuum flux.
While one might expect this to be the case in an actual complex molecule,
a cursory glance of the observed spectrum reveals multiple features above the
synthetic continuum level. The spectrum based upon the linelist of This work
exhibits significantly weaker absorption in those regions, which we may inter-
pret such that the weak absorption features have become better defined, with
less stochastic behavior. As these weak absorbers do not have direct labora-
tory wavelength measurements, the improvement must be due to an overall
improvement in the molecular description.

Figure 4.1.6 illustrates a region containing a large amount of lines from

46



Figure 4.1.6: Same as Figure 4.1.5, for spectral order #78, with Teff = 3300 K.
The thick black and green lines represent the linelists of This work and Plez
2009 (lab), respectively.

multiple bands in the ∆v = −1 sequence of the γ-system. The correspondence
between synthesis using either linelist and observations is even better than
in Figure 4.1.5. In this region, differences between the linelists are yet more
subtle, although the tendency for a better reproduction in This work remains.
Notably, the problem where weak absorption features contain too much opacity
in the synthetic spectrum is seen to be less significant in this region.

An additional constraint on the possible improvement of weak absorption
features – both high-v vibrational bands and high-Jlow transitions – comes
from spectral regions with overall weaker absorption. Such a region is shown
in Figure 4.1.7, where absorption is due to a jumble of high-v bands of TiO.
Unfortunately, a similar amount of opacity is contributed from FeH and LaO,
which is the case in most regions of weak TiO absorption (see Section 2.1.5
and Figure 2.1.1). Linelists for those elements were not included in the synthe-
sis. This leads to rather poor agreement between the theoretical and observed
continuum level, e.g. at 7410 Å.

While the poor agreement between predictions and observations make the
comparison more difficult than previously, there are interesting aspects to this
plot as well. First, the two linelists are generally quite similar. Second, where
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Figure 4.1.7: Same as Figure 4.1.6, for spectral order #82. The thick black
and green lines represent the linelists of This work and Plez 2009 (lab),
respectively.

they do differ significantly, neither linelist seems obviously superior. We may
conclude that the modified constants have at least not significantly decreased
the quality of weaker spectral features in the γ-system.

In Figure 4.1.8, the γ′-system dominates the spectrum. Line points (dark
shaded regions) indicate wavelengths where This work reproduces observa-
tions well. The low amount of line points gives a rough but direct estimate
of just how poorly reproduced the strong spectral features are in this region.
With this in mind, one should consider the enormous uncertainties in the haze
of weak absorption features. Of the several bandheads appearing in this region,
only the one at 6186 Å matches observations reasonably. Interestingly, the two
linelists predict not only very different detailed spectra, but also exhibit large
differences in the positioning of bandheads.

While neither linelist reproduces observations very well, This work better
reproduces the detailed spectrum near the bandhead at 6186 Å. While the
positions of bandheads are better reproduced in Plez 2009 (lab), the overall
detailed spectrum is similarly poorly described in the two linelists. Curiously,
Schwenke 1998 matches the positions of all bandheads quite well, but also fails
at reproducing the detailed spectrum. This indicates effects from significant
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Figure 4.1.8: Same as Figure 4.1.5, for spectral order #98. The thick black
and green lines represent the linelists of This work and Plez 2009 (lab),
respectively.

differences in the higher-order molecular constants.
Finally, Figure 4.1.9 illustrates the unfortunate result on molecular features

stemming from insufficient laboratory data. Below 8430 Å, the spectrum is
dominated by γ-system lines, indicating rather good correspondence with ob-
servations for both linelists. Unlike Figure 4.1.7, there is no obvious influence
from missing absorbers. At higher wavelengths, large disparities between ob-
servations and synthesis are obvious for both linelists. The same is true for the
Schwenke 1998 linelist.

This work again exhibits a marginal degradation in quality over Plez
2009 (lab). This is due to the appearance of relatively strong absorption in
the ε-system (E3Π − X3∆), which was not available in the laboratory data.
Since it connects to the ground electronic state (X3∆), which was modified in
the optimization, this system has been inadvertently affected.

More features obviously line up with observations in the Plez 2009 (lab)
linelist. But the correspondence lessens toward higher wavelengths, leading to
similar level of agreement with observations for the two linelists. This indicates
that the molecular description pertaining to the ε-system wasn’t very good to
begin with.
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Figure 4.1.9: Same as Figure 4.1.6, for spectral order #72. The thick black
and green lines represent the linelists of This work and Plez 2009 (lab),
respectively. While results are nearly identical in the first frame, the appearance
of the ε-system introduces a degradation in This work. This is due to the fact
that this system was not available in laboratory data, but was affected by
alterations of the ground electronic state.

The Schwenke 1998 linelist produces a similarly divergent spectrum, which
is qualitatively similar to This work. This is however likely to be due to a
similar description of the γ rather than the ε-system.

4.1.3 Discussion
The work presented here shows that there is room for improvement in the ac-
curacy of predicted TiO wavelengths even with a modest amount of effort. The
linelist of Plez (1998) has been recomputed with its molecular constants ad-
justed in a global fit to produce better agreement with laboratory measurements
in the three strongest systems: γ, γ′ and α.

No attempt was made to improve upon the physics of the molecular descrip-
tion. The goal was rather to ensure homogeneous, precise molecular constants,
in the hope that some improvement in accuracy would result. While the former
is an effect of the global fitting of three related electronic systems, the latter is
more likely achieved through the use of newer laboratory data than before.
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While the γ-system saw some improvement, this was not necessarily the case
for the γ′-system. The α-system was also improved, but significant systematic
discrepancies on the order 2 Å remain, indicating accuracy problems. The ε-
system, which was not included in the fit as no suitable laboratory data were
available, saw marginal degradation due to changes in the electronic ground
state. It is possible that the fitting procedure would turn out less destructive if
only the upper electronic states were optimized, leaving the ground state as is.
This would lead to more easily validated results, with less risk of degradation
in spectral regions not covered by observations.

Comparisons were made to observations for stellar spectra synthesized with
the linelist of Plez (1998) and this work, both with transition wavelengths cor-
rected by laboratory observations. As the linelists are rather similar, differences
in the optimal atmospheric parameters are insignificant in most regions inves-
tigated. As the differences are largest at wavelengths where absorption is the
weakest, some effects are seen on the continuum placement. No significant
differences are determined as a result of this. Typically, the difference seen in
optimal metallicities is less than 0.02 dex in either direction.

Hence, while the improved molecular constants of this work often did im-
prove the agreement with observations, this did not systematically alter the
determined stellar parameters by any significant amount.

While the γ-system matches observations quite well in a wide range of
spectral regions between 6500 and 8400 Å, with some exceptions, both the γ′

and ε-systems are in dire need of improvement. Significant effort at improving
the ε-system has been undertaken by Kobayashi et al. (2002), but no linelist
based upon their molecular model has been published. Their detailed analysis
yields accurate molecular constants for the 0–0 band of all five isotopologues,
as well as the 1–1 band of the main contributor. Further, their investigation
yielded implications for the global structure of the molecule. Similar work has
been done for the γ′ system by Amiot et al. (2002).

The molecular constants they present for the upper electronic states are
based upon a diagonalized Hamiltonian N2 representation (Brown et al., 1979)
compatible with the molecular constants of Ram et al. (1999). The realistic
framework of this description unfortunately means that recreating their transi-
tion wavelengths and validating the results is not trivial, and outside the scope
of this investigation.

The γ′-system (see Figure 4.1.8) is poorly reproduced not only by the
linelists of Plez (1998) and this work, but also that of Schwenke (1998). In
this work, the positioning of one of the bandheads is in fact significantly worse
than in the other linelists. This is partially because the γ′-system is the least
constrained in the global fit of molecular constants, due to having the lowest
amount of lines identified in the laboratory. Identifying its transitions is made
intrinsically difficult by Λ-doubling, which produces duplicate lines for each J ,
offset by a small amount so that lines in the two components often overlap.

Unfortunately, significant proximity and blending with the α and γ-systems
has led to rather poor laboratory data for the γ′-system. Two fits to the data
were attempted: In the standard procedure, clusters of blended lines were
rejected. In the alternative fit, they were included, but with their weights
reduced by increased uncertainties.

While the former case produced overall stable results, the Σ ̸= 0 subbands,
i.e. numbers 1 and 3, of the γ′-system were not accurately reproduced, due
to unsatisfactory reproduction of the spin splitting. This is the adopted case,
compared to laboratory data in the middle frame of Figure 4.1.4, and shown
in Figure 4.1.8. The bandhead at 6186 Å is in fact improved relative to the
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previous molecular constants, but the bandheads at 6215 Å and 6222 Å have
been significantly displaced. The comparison between theoretical and observed
line positions in Figure 4.1.4 indicates offsets as large as 3 Å, with a rather
strong linear trend (toward zero) as a function of J .

Following the second path did produce a significantly better fit for the
deviating subband. Unfortunately, this optimization proved unstable, with
rather large alterations of the high-order molecular constants of the upper state,
B3Π. The result is that a large portion of the high-v and -J components are
shifted away from this region, leading to significant loss of opacity (in itself
an interesting diagnostic), while the positioning of the bandheads was only
marginally improved. Differences as large as 1 Å due to rather strong trends
with J remain in the comparison to laboratory data.

This problem was identified late in the investigation and no further effort
was made to resolve the situation. It is possible that a clever modification of
the fitting technique, or adjustment of the number of molecular constants may
produce a globally improved result. As a first step, the relevant vibrational
constants of Schwenke (1998) or Amiot et al. (2002) could be adopted, even
though they are incompatible with the ground state used here.

Schwenke (1998) used more accurate laboratory data for this system – that
of Amiot et al. (1995). While Schwenke’s linelist indeed positions the γ′ band-
heads rather well, the detailed spectral features do not match observations.
Schwenke (1998) compared the behavior of the rather difficult Λ-type doubling
in calculations when including or excluding couplings to various experimentally
known or theoretically inferred Σ± electronic states, with rather small differ-
ences corresponding to at most 0.2 Å. More important is the weak constraint
on the high-order vibrational molecular constants, as the laboratory data cov-
ers only v = 0, 1 states. Hence, while one might expect that Schwenke’s more
detailed modeling would lead to more accurate results, the laboratory data
proves insufficient.

Ideally, future linelists should be based upon ab initio calculations com-
bining laboratory and astrophysical observations into a consistent molecular
description. As has been done in the past, error analyses should then be used
to identify which properties are least certain, and which observations would
likely be most useful in determining them. Observational programs, either in
astronomy or in the laboratory, could then focus on investigating those specific
features. As the high-resolution UVES spectrograph has recorded high-quality
spectra of M-dwarfs at wavelengths spanning from the UV into the IR, it should
be possible to investigate many types of TiO features. Currently, these efforts
are hampered both by difficulties in the data reduction, and in the generally
poor reproduction of strongly blended TiO features e.g. below 6400 Å.

In the laboratory, it seems the greatest possibility to determine accurate en-
ergy levels of weak spectral features normally hidden by strong blending, comes
from experiments with laser-induced luminescence. There, photon pumping to
narrowly defined excited states results in the least possible amount of blend-
ing, allowing identification and classification of isotopic lines, weak satellite
branches, and even forbidden systems. Due to the stepwise nature of such
experiments, they rapidly become quite time consuming, but offer ample op-
portunity when targeted by theoretical error analyses.

Currently, it seems that the vibrational structure of the B3Π state (i.e. the
upper state of the γ′-system) is in most acute need of improved laboratory data.
While less acute, the vibrational structure of E3Π state (upper state of the ε-
system) is similarly unknown. Improvements in this system should be very
useful, as they influence spectral regions with weaker molecular line hazing,
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and several useful atomic lines. Unfortunately, the poorly known vibrational
constants in these systems allow only rough guesses of where experimental
setups should search for higher vibrationally excited states. Both electronic
states are likely to suffer from contamination by transitions relating to the
γ-system (see e.g. Kobayashi et al., 2002).

4.1.4 Recommendation

For future analyses of M-dwarfs in the spectral regions investigated here, we
recommend to use the latest linelists of Plez (1998) with laboratory wave-
lengths substituted in. Spectra synthesized from this linelist rather than that
of Schwenke (1998) are found to agree better with observations. The linelist of
Schwenke (1998) is known to reproduce unusual spectral features of forbidden
transitions better, and may well be more accurate in certain spectral regions.
This must be determined on a case-to-case basis.

There are significant improvements in this work over the linelist of Plez
(1998). The strong transitions with laboratory data have been shown to im-
prove in precision by a factor two to three. The weaker background haze has
improved similarly in some spectral regions. However, no significant systematic
differences was seen in the derived stellar parameters.

Unfortunately, qualitative degradation was seen in both the γ′ and the ε-
systems, regarding the positioning of some of the bandheads. Fine details in
the γ′-system were however improved, and the degradation of the ε-system
affects only a small region, as Plez (1998) used a rather uncertain molecular
description of its upper state. It would be interesting to see if further work
of this type, where newer (or any) laboratory were included for the γ′ and ε-
systems, could further improve the accuracy of transition wavelengths. If, as
indicated by Schwenke (1998), the primary uncertainty lies in the vibrational
constants, then these systems cannot be significantly improved without either
better modeling or laboratory data.

The linelist of Schwenke (1998) represents the case of a similar molecu-
lar description, improved by a consistent model of couplings between states.
Despite the more realistic model, no significant improvement in accuracy can
be inferred. In part, this is because they did not include high-J transitions.
They compute empirical energy levels from observed transition wavelengths,
and fit the theoretical molecular model to these levels. By contrast, this work
has fitted theoretical transition wavelengths directly to the laboratory values.
For this reason, the precision in this work cannot be directly compared with
their quoted standard errors, and different types of systematic errors can be ex-
pected. In the synthesis of stellar spectra however, the linelist of this work with
corrections from laboratory wavelengths in general produces better agreement
with observations.

As noted by e.g. Kamiński et al. (2009), the linelist of Schwenke (1998) does
correctly predict the wavelengths of transitions in forbidden systems, whose
strengths are sensitive to the coupling matrix elements. The rather large dis-
crepancy in strength by a factor 70 ± 35 identified there exemplifies a type of
astrophysical observation which should be very useful to theoretical modeling.

The linelists of both Plez (1998) and Schwenke (1998) are available in the
VALD3 system, which simplifies extraction. Note however that the line depth-
based extraction will typically not yield a sufficient number of lines to account
for the haze of weak lines. Rather, a weak-line formalism should be applied to
a fully extracted linelist, with a cutoff of e.g. S = 0 at Teff = 3000 K according
to Equation 2.3.7 – see Section 3.2.4.
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4.2 Detailed high-resolution M-dwarf spectroscopy

A detailed spectroscopic analysis is performed for each spectral order in the
UVES spectrum of GJ 876. The wavelength coverage is roughly 6000–9000 Å,
with a gap at 7500 Å due to the physical gap between CCDs. The entire ob-
served spectral range could not be used, due to problems with the data reduc-
tion at the lower wavelength range, and due to strong telluric absorption at the
upper wavelength range. The positioning of the detector gap is unfortunate, as
a reasonably strong and well described TiO bandhead (γ, R3 0–1) is known to
exist at 7590 Å. Trailing absorption from this band is very well reproduced in
subsequent spectral orders, as illustrated in Figure 4.1.6.

Each spectral order is carefully compared to syntheses using various TiO
linelists (This work, Plez 2009 (lab), and Schwenke 1998 – see Sec-
tion 4.1.2) combined with VO, CaH, and atomic lines from VALD3, as described
in Chapter 3.

Figures 4.1.5 through 4.1.9 illustrate the range in quality we find in synthetic
spectra, as compared to observations. In three wavelength regions, the fit to
observations is poor. These are not considered in this analysis. Figure 4.1.8
illustrates the typical situation below roughly 6400 Å, where the description of
TiO is rather poor in all linelists. The region between 6800 Å and the TiO
bandhead at 7050 Å exhibits overall quite weak absorption (equally due to TiO
and CaH), with poor resemblance to synthetic spectra. Finally, the region
between 7400 Å and the detector gap near 7500 Å is discarded, as absorption
features do not line up with synthesis. This leaves 18 well-reproduced spectral
orders.

The uncertainty of optimal stellar parameters in individual spectral orders
is estimated by visual inspection of χ2 curves. Combined optima for multiple
spectral orders are weighted means. The uncertainty in Teff adds the standard
deviation of the weighted mean to the dispersion of indicated Teff values at the
weighted mean metallicity. Two uncertainties are presented for metallicities.
The first is the standard deviation of the weighted mean, combined in quadra-
ture with the dispersion. The second is the uncertainty due to the propagated
error in the optimal Teff.

For single spectral orders, the corresponding uncertainties in metallicity
indicate the direct ability to constrain an optimum, and the dispersion due to
the uncertainty of the optimal temperature.

A surface gravity value of log g = 4.9 is assumed (see Section 3.2.2). As
the sensitivity to log g is generally rather low, the influence of this parameter
is evaluated by performing the corresponding analyses at log g = 4.5 and 5.5.

4.2.1 Detailed analyses

Analyses between 5700 and 6200 Å were hindered by residual continuum
level problems. An apparent bending (waviness) of the continuum was present.
A similar bending was found in the synthesis, but the two did not line up.
This indicates problems both in the reduction and in the theoretical linelists.
The appearance of the synthetic continuum indicates that intrinsic variations
are present in the stellar spectrum, due to strong, inhomogeneously distributed
absorption from both molecules and atoms. The contribution from molecules
may to large part be due to a large amount of weak high-excitation lines, whose
positions depend on the least constrained molecular constants. For this reason,
their large-scale distribution may be significantly different from reality.
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Up to ∼6400 Å, the rather complex spectrum of strong absorption was not
well reproduced by synthesis. The bulk of observed absorption features do
not match predictions, which discourages a detailed analysis. This is primarily
due to an insufficient description of the γ′-system, but also due to significant
absorption in CaH.

Parts of the spectrum near 6000 Å are rather well reproduced. Overall, the
situation is akin to that shown in Figure 4.1.8, where only small segments (e.g.
6180–6190 Å) match observations quite well.

Between 6400 and 6800 Å, the γ-system again is the dominant source of
opacity. Dominant bands are in the ∆v = 2 (3–1, 4–2) sequence in the blue
end, and the ∆v = 1 (1–0, 2–1, 3–2) sequence toward the red end. Absorption
features of bands in both these sequences are rather well reproduced. Lower
excitation energies of the strongest lines unfortunately range only between 0
and 0.4 eV.

The small segment 6600∼6650 Å is rejected from analyses. It exhibits either
residual bending in the continuum level, or a significantly worse description of
the opacity distribution. This may be related to the γ′ 0–1 bandhead which is
predicted to appear in that region.

Spectral orders #86 and #87 covering the wavelength range 6437–6600 Å
are well reproduced by synthesis. They contain multiple weak atomic lines,
primarily Ca, Ba and Cr. The sensitivity of these features vary across the
region, but in all, the indication is Teff = 3485±75 K, [M/H] = 0.04±0.09±0.12.
Increasing parameter log g by 0.2 dex increases the metallicity determination
at fixed temperature by 0.04∼0.10 dex. There is a slight preference for log g
values lower than the assumed value of 4.9, but this does not affect the preferred
temperature.

Spectral order #89, covering 6650–6760 Å is also well reproduced, but in-
dicates problems with the synthesis. In the optimal fit, parts of the observed
spectrum sit above the continuum level, which implies a bad line haze descrip-
tion. Since too much opacity erroneously sits between absorption features, flux
at those wavelengths becomes artificially depressed, so that the synthesis cannot
produce the correct ratio of flux between weakly and strongly absorbed features.
The result is a compression of the spectral features, so that there seems to be
too much opacity present in the synthesis. This leads the optimization routines
toward solutions with less opacity, i.e. at higher temperature or lower metallic-
ity. Experimenting with manual continuum level placement above the observed
spectrum did not improve the overall correspondence between synthesis and
observations. The resulting optimal atmospheric parameters in this region are
indicative of this behavior, with both higher temperature and lower metallicity
than the previous region, Teff = 3550 ± 75 K and [M/H] = −0.20± 0.06± 0.14.
Increasing parameter log g by 0.2 dex increases the metallicity determination
at fixed temperature by less than 0.05 dex. The preferred direction is that of
a lower log g value, where the corresponding decrease in log g decreases the
optimal temperature by 20–50 K, and the metallicity by 0.1 dex.

Between 6800 and 7050 Å, the influence of CaH becomes significant while
TiO absorption weakens. While absorption features are generally well repro-
duced, the continuum level is considered so uncertain that these regions are
rejected from the analysis. This is due to a combination of misplaced strong
absorption features, and missing (misplaced) opacity where weak absorption is
expected. Even at the pseudocontinuum below (redward of) the strong TiO
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bandhead at 7050 Å, individual absorption features are quite strong. Addition-
ally, a significant amount of line haze is expected in this region.

Between 7050 and 7300 Å, several strong bands in the ∆v = 0 (0–0, 1–1)
sequence of TiO dominate the spectrum. Very strong bandheads appear pri-
marily between 7050 and 7130 Å. The influence of a handful of atomic lines
(Ca i, Ba i and Sr i) help determine the global minimum of stellar parameters.
The bulk of the analysis focused on this region, attempting to find good combi-
nations of fixed and free parameters, the linemask used in the χ2 minimization,
and the continuum normalization.

Again, the analysis seemed to prefer solutions positioning the pseudocon-
tinuum below 7050 Å near a residual flux of 1, even when explicitly excluded
from the linemask. Curiously, the same is true for the most weakly absorbed
features below the bandheads. The three groups of bandheads at 7054 (R3

0–0), 7087 (R2 0–0) and 7125 Å (R3 1–1 and R1 0–0) analyzed together with
their corresponding blueward pseudocontinua all yielded compatible optimal
parameters, with similar continuum levels.

Hence, including the pseudocontinuum below 7050 Å does not seem to im-
prove the analysis, as compared to using only e.g. the bandhead at 7087 Å.
It is unclear if results in this region could be interpreted as an effect of over-
fitting the continuum level. Correcting for an expected such effect could entail
depressing the successive bandheads somewhat, so that their respective pseu-
docontinua appear farther from the continuum level. Such corrections would
however be incompatible with the directly observable (and likely insensitive to
the reduction) depths of the bandheads.

More likely, the improper continuum placement in this region is again a line
haze effect. Preferred combined stellar parameters in spectral orders #84–86,
covering 7040–7300 Å are Teff = 3515 ± 80 K, [M/H] = 0.03 ± 0.13 ± 0.15.
An increase by 0.2 dex in parameter log g increases the metallicity at fixed
temperature by less than 0.05 dex. The preferred temperature is not affected
by this parameter.

Between 7300 and 7600 Å, TiO absorption weakens significantly. Above
7400 Å, absorption in CaH, LaO and VO becomes similarly important to that
of TiO, and the spectrum is not well reproduced.

The lower end of this region, covered by spectral order #83 in the range
7290–7390 Å, does however contain not only rather weak but well reproduced
TiO absorption, but also a large number of weak atomic lines. Their com-
bined influence helps better constrain the optimal temperature, giving Teff =
3390± 75 K, [M/H] = 0.04± 0.10± 0.10. Increasing parameter log g by 0.2 dex
increases the metallicity at fixed temperature by less than 0.05 dex. The op-
timum prefers a somewhat lower surface gravity. Decreasing parameter log g
by 0.2 dex decreases the optimal temperature by 50 K, and consequently the
optimal metallicity by 0.1 dex.

The fact that a lower temperature is derived in this region than in the
previous is likely a result of a weaker line haze.

In the range 7590–8300 Å, TiO absorption is due to multiple γ-system
bands in the sequence ∆v = −1 (0–1, 1–2, ...), meaning all TiO lines have a
vibrationally excited lower state. Lower excitation energies in bandhead TiO
lines range up to 0.6 eV. The UVES spectrum exhibits a gap between detectors,
excluding the spectral range 7500–7740 Å. Results from HIRES spectra are
instead used in this region.
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Below (redward of) the R3 0–1 bandhead of the γ-system at 7589 Å, the
rather difficult pseudocontinuum is strongly influenced by CaH, LaO and VO.
Analyses of the HIRES spectrum of GJ 876 in this region indicate a difficulty
in simultaneously reproducing the depth of the bandhead as compared to the
estimated continuum level, and the detailed appearance of the trailing TiO
absorption. This is likely a combined effect of poorly reproduced absorption
in the other species, as well as a misplaced haze of weaker TiO bands. The
bandhead is preceded by a smattering of quite weak atomic lines, which could
presumably be useful in an analysis taking into account all influential molecular
species in this region. While the presence of CaH is confirmed on the grounds
of many observed absorption features matching the positions of synthetic lines,
a similar number of predicted absorption features do in fact not line up with
the observed spectrum. As such, this region is likely to be problematic in any
analysis.

The region 7590∼7640 Å is strongly affected by telluric absorption in O2

(the Fraunhofer A line). Special care must be taken that these strong spectral
lines do not influence the continuum normalization. Due to uncertainties in
this step, the inclination of the trailing absorption from the bandhead may be
a bad diagnostic of stellar parameters. The depth of the bandhead should be
unaffected by such reduction problems. As a spectral diagnostic, its use still
requires an accurate continuum level determination, dependent on a successful
analysis of multiple spectral species in this region.

Preliminary detailed analyses of the spectral range 7520–7590 Å of HIRES
spectral order #47 yields optimal stellar parameters Teff = 3400±75 K, [M/H] =
0.20 ± 0.07 ± 0.14. These analyses combine the sensitivity of multiple weak
atomic lines with the detailed appearance of the TiO bandhead, assuming suc-
cessful continuum normalization. The synthesis typically predicts too strong
“wiggles” in the trailing TiO absorption, indicating a likely problem with the
TiO line haze. Significant uncertainties in the matching of very weak atomic
lines should be expected from the contribution of molecular line opacity.

Beyond the region of strong telluric lines, a rather clean, strong line of K i
(λ7699) combined with well reproduced TiO features allow the determination
of a precise global optimum. Preliminary detailed analyses of HIRES spec-
tral order #46 covering 7680–7815 Å indicate Teff = 3465 ± 100 K, [M/H] =
0.22± 0.09± 0.16. Increasing parameter log g by 0.2 dex at fixed temperature
increases the metallicity by 0.06 dex. The optimum is strongly degenerate with
the surface gravity, for which no preferred value can be identified. An increase
by 0.2 dex in parameter log g increases the optimum temperature and metal-
licity by 100 K and 0.2 dex. The direct influence of log g on metallicity thus
works in the same direction as the temperature-metallicity degeneracy. The
optimum may be sensitive to the data reduction, regarding both the shape of
the wings of the strong K i line, and the wavelength solution (which is known
to be problematic for this spectrum).

The UVES spectrum covering 7740–8200 Å, in spectral orders #75–79,
yields results tentatively compatible with the HIRES determination. This re-
gion is characterized by very well reproduced absorption in TiO, which fades
toward higher wavelength. Additional constraints come from several rather
weak lines of Rb i, Ti i and Fe i, as well as the Na i λλ8183, 8194 doublet.
Their combined optima indicate Teff = 3280±80 K, [M/H] = 0.04±0.06±0.13.

In the TiO-dominated parts of this region, an increase in log g by 0.2 dex
increases the metallicity by less than 0.05 dex at fixed temperature. A slight
preference for lower surface gravity is seen, but the optimal temperature is not
affected. Above roughly 8150 Å, observed detailed spectral features deviate
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from synthesis, due to a combination of missing or erroneous molecular opacity
and telluric H2O absorption.

The Na i doublet influences results in its spectral region so strongly that
the degenerate relation has a much weaker slope than in any other region. This
helps determine the global optimum. The Na i lines together with a very sparse
selection of TiO and atomic line features in spectral order #74, covering 8180–
8300 Å indicates Teff = 3210 ± 125 K, [M/H] = 0.00 ± 0.10 ± 0.06. Increasing
log g by 0.2 dex increases the optimal Teff and [M/H] by 80 K and 0.15 dex.
The influence of temperature and surface gravity on the indicated metallicity
is similar, and in the same direction. The sensitivity is thus similar to that of
the K i line at 7699 Å.

While the degeneracy is weak, the optimal results are sensitive to system-
atics. These include the description of pressure broadening, the influence of
molecular absorption on the continuum level, and the quality of the continuum
normalization (which might affect the shape of broad wings). Additionally, a
number of telluric H2O lines must be avoided in this region.

A direct combined analysis of the Na i doublet or e.g. the K i line at 7699 Å,
the well defined Fe i lines near 8100 Å, and the very well reproduced TiO fea-
tures at 7800 Å should yield constraints on all three fundamental parameters:
Teff, [M/H] and log g, or uniquely and precisely determine Teff and [M/H] when
log g is determined externally.

At 8300–8800 Å, absorption in the γ-system of TiO weakens significantly,
replaced by the δ and ε-systems, as well as FeH, VO, and CrH. Weak absorption
is generally rather well reproduced in the weak bands of the γ-system, but less
so in the δ or ε-systems. Additionally, FeH and CrH are not included in the
synthetic spectra.

On the other hand, atomic lines are plentiful in this region, with contribu-
tion from rather clean both weak and strong lines of Fe i and Ti i, as well as
Ca ii. In a few cases, these atomic lines are obviously blended with molecular
lines. The difficulty thus ends up being the continuum identification.

A combined optimum of spectral orders #70–73, covering 8290–8790 Å is
identified at Teff = 3300 ± 65 K, [M/H] = 0.13± 0.10± 0.11. These parameters
are fully consistent with those determined in the previous spectral region. The
slight difference in preferred metallicity may indicate a small deviation from
the assumed solar-scaled abundances, although no pattern could be discerned
from direct inspection of the spectra. Most importantly, the plentiful lines
of titanium and iron do not indicate different abundances. Increasing log g
by 0.2 dex increases the metallicity at fixed temperature by 0.05 dex. Lower
surface gravities seem preferred. A decrease in log g by 0.2 dex decreases the
optimal temperature and metallicity by roughly 30 K and 0.1 dex.

In the region 8800–9050 Å, the rather weak but well-reproduced R1 0–0
bandhead in the δ-system appears, along with a few atomic lines of primar-
ily Fe i, Ti i, and Mg i. The preceding pseudocontinuum contains molecular
absorption in not only TiO, but also FeH and CrH. TiO features are found
to be rather weak, with a very weak line haze. Apparently clean continuum
segments appear interspersed with rather sharp absorption lines, presumably
due to FeH or CrH. As linelists of neither FeH nor CrH were available, these
spurious features could not be reproduced in the synthesis.

If we assume the spurious features to similarly influence both sides of the δ-
system bandhead, a problem appears. Their absorption depths are very similar

58



to the observed δ-system features. While the bandhead itself seems unaffected,
most of the trailing absorption lines are stronger than expected from synthesis.

Trial synthesis was performed for three cases in this region. In the first
case, the observed pseudocontinuum and a few atomic lines seen there were
used together with the δ-system bandhead, covering 8770–8860 Å in spectral
order #69. This should represent the cleanest fitting method, with the least
influence from spurious absorption lines. In the second case, the 50 Å of trailing
absorption in the same spectral order were included in the fit, thus covering
8770–8915 Å. This should help produce a more precise determination of spectral
parameters, especially for spectra with poor noise statistics. On the other hand,
the contamination from spurious absorption could not be fully removed, and
may influence the result. In the third case, the adjacent spectral order #68 was
used, covering neither the pseudocontinuum nor the bandhead itself. Instead, a
larger number of atomic lines is included, in the wavelength range 8900–9045 Å.

All three cases indicate very similar temperatures, but somewhat different
metallicities. At a temperature of Teff = 3450 K, each case indicates metal-
licities of [M/H] = 0.10, 0.16, and 0.22. The increasing metallicities can
be thought to indicate the effects of an increasingly influential missing line
haze. The first case, likely to be least affected, indicates optimal parameters
Teff = 3455 ± 75 K, [M/H] = 0.11 ± 0.10 ± 0.09. All three cases combine into
an estimate Teff = 3450 ± 65 K, [M/H] = 0.19 ± 0.07 ± 0.09, which is likely
systematically metal-rich due to the influence of unidentified line haze.

Increasing parameter log g by 0.2 dex leads to an increased metallicity at
fixed temperature by less than 0.05 dex.

Preliminary analyses in the near-UV–green of GJ 250 B indicate
regions likely suitable for analysis in the wavelength range 4420–4530 Å, domi-
nated by not only strong lines of Ca i, but also weaker lines of various atomic
species. While Figure 2.1.1 indicates a large contribution from TiO even in this
region, the spectrum looks to be dominated by atomic absorption. This indi-
cates that absorption in TiO primarily depresses the continuum. The exception
is a likely α-system bandhead near 4460 Å (not covered by the spectrograph).
This feature should aid in identifying the amount of continuum depression, and
thus determine the actual strengths of atomic line features.

The region 5570–5610 Å contains not only well defined atomic absorption,
but also multiple TiO bandheads in the β-system. These bandheads should be
useful in spectroscopic analyses, as lower excitation energies in some of their
stronger lines reach as high as 1 eV. While the positioning of these bandheads
seems largely correct, the trailing absorption seems to be offset toward the red
by ∼ 0.1 Å in the linelist of Plez (1998). As the trailing absorption seems rather
clean, it should be possible to constrain theoretical linelists directly by their
ability to reproduce this spectral region.

4.2.2 Comparison of results
Figure 4.2.1 illustrates the full set of degenerate relations and optimal parame-
ters in each spectral order discussed in the previous subsection, color-coded by
wavelength.

Assuming a fixed temperature produces enormous differences in the indi-
cated metallicity, with tip-to-tip variations greater than 1 dex. Likewise, the
tip-to-tip dispersion of temperatures at fixed metallicity is on the order 600 K.
Ignoring the systematic differences between spectral regions, one would deduce
metallicities of [M/H] = −0.35 ± 0.30 assuming the photometric temperature
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Figure 4.2.1: Comparison of optimal parameters in each spectral order, iden-
tified by a color scale according to central wavelength. The left frame illustrates
the degenerate relation’s sensitivity of metallicity to temperature, and the large
offset of these relations between spectral regions.
The right frame illustrates the distribution of global optima. The sloped lines
indicate the uncertainty in determining the optimal value, and the vertical bars
the uncertainty in the metallicity determination at the optimal temperature.

Teff = 3150 K, or [M/H] = 0.15±0.20 assuming the typical spectroscopic result
Teff = 3450 K. While the dispersion at a fixed temperature is tolerable, the
systematic difference in mean values by 0.5 dex is problematic.

Comparing instead the optima in each region, weighted by their precision in
determining Teff, we find Teff = 3389± 132 K, [M/H] = 0.07± 0.22± 0.20. This
metallicity is in agreement with typical results on both spectroscopic and pho-
tometric methods, and the temperature tends toward the typical spectroscopic
determination.

The systematic variation in optimal stellar parameters between spectral or-
ders is further illustrated in Figure 4.2.2. Despite the rather strong dispersion,
both plots seemingly indicate a rough linear relation between metallicity or
temperature and the wavelength of the spectral order. The relation is more
pronounced in the effect on temperature. The behavior at the red end is how-
ever very similar to that at the blue end.

Qualitatively, we determine high temperatures in analyses below 7300 Å,
lower temperatures near 8000 Å, and again higher temperatures at 8800 Å. Re-
sults at the blue end of the wavelength range are dominated by the γ-system,
those at middle wavelengths by a combination of the γ-system and atomic lines,
and those at the far red end primarily by the δ-system. Other authors have
analyzed the same star, and found Teff = 3480 K at λ ∼ 7100 and ∼8400 Å
(Bean et al., 2006a), Teff = 3160 K at λ ∼ 1.2µm (Önehag et al., 2011), and
Teff = 3470 K at λ ∼ 2.3µm (Rojas-Ayala et al., 2012). This indicates a ten-
dency for lower temperatures to result near the peak flux wavelengths (see
Figure 2.2.1), but higher temperatures on either side. Such a relation would
indicate a global type of problem, relating to e.g. problems relating to the
atmospheric structure, errors in the electronic oscillator strengths or molecular
partition functions, or to missing opacity sources.
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Figure 4.2.2: The global optimum in metallicity and temperature in each
spectral order, as a function of its central wavelength. The color scale is the
same as in Figure 4.2.1.

The optimal results for the δ-system indicate that this is not necessarily the
case, as those results are consistent with the TiO-dominated regions at the blue
end of the spectrum, although slightly more metal-rich. Trailing absorption
in the δ-system is likely influenced by blended FeH lines. As the continuum
level is not affected, this leads to higher metallicity. Unless these features
are reproducible in synthesis, only the δ-system 0–0 bandhead itself should be
considered reliable. Assuming solar metallicity in this region indicates Teff =
3400 K, which is more similar to but not quite compatible with results in the
λ ∼ 8000 Å regions.

4.2.3 Trends in a small sample of M-dwarfs

To make sure the incompatible results for different spectral regions of GJ 876 are
not due to peculiarities in that particular star, a sample of five stars (including
GJ 876) observed at high resolution (R ∼ 120000) at McDonald Observatory
are analyzed. Characteristics and photometric results are listed in Table 4.2.1.

Unfortunately, only three 30 Å wide spectral orders are available for these
stars – numbers 52, 49 and 41 in Figure 3.2.1. One of these spectral orders
(#52, centered on 6680 Å) turns out not to be well reproduced under any cir-
cumstances, and is thus discarded from the comparison. Preliminary analyses
of spectral order #52 for GJ 876 and GJ 725 B indicated results very similar
to those in spectral order #49, in line with the UVES results for GJ 876.

The spectral orders analyzed here are #49, centered on the strong γ-system
bandhead at 7090 Å, and #41 centered on 8475 Å, exhibiting weak absorption
in the γ and ε-systems as well as a few weak atomic lines. For each star, the
degenerate relation and optimal value are derived the same way as presented
previously. In the former spectral order, the analysis focuses on the strong
bandhead. The global optimum results primarily from the slightly different
dependence on temperature and metallicity in saturated and non-saturated
features, as well as small excitation temperature effects. The second region
combines a small set of atomic lines (two lines of Ti i, one Fe i) with a few
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Table 4.2.1: Fundamental parameters of five M-dwarfs, derived from photometry

Star Typea Va Ka distancea massb log gc [M/H]d

(mag) (mag) (pc) (M⊙) (cgs)
GJ 725 B M3.5 9.69 5.000± 0.023 3.42± 0.05 0.247 4.98 −0.37
GJ 752 A M3.5 9.115 4.673± 0.020 5.87± 0.03 0.480 4.77 0.02
GJ 825 M0 6.68 3.100± 0.230 3.95± 0.01 0.627 4.59 −0.18
GJ 876 M5 10.192 5.010± 0.021 4.69± 0.05 0.333 4.89 0.13
GJ 880 M2 8.638 4.523± 0.016 6.85± 0.05 0.581 4.66 0.04

a Data from SIMBAD
b From the logM–MK relationship of Delfosse et al. (2000)
c From the empirical calibration of Bean et al. (2006b)
d From the empirical calibration of Neves et al. (2012)

Figure 4.2.3: Left and middle: The degenerate Teff-[M/H] relation of each
star in the McDonald spectral orders centered on 7090 Å (#49) and 8475 Å
(#41). The optimal range is indicated by fully drawn lines.
Right: Optimal stellar parameters derived independently from two spectral
regions for each star.
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rather weak γ-system TiO features.
Results for all five stars in both spectral orders are compared in Figure 4.2.3.

Analyses in both spectral orders derive a rather strong degenerate relation, with
a worst-case tip-to-tip variation for GJ 725 B, indicating [M/H] = −1.5 when
assuming Teff = 3000 K, but [M/H] = 0.5 if Teff = 3800 K. In spectral order
#41, centered on 8475 Å, both GJ 752 A and GJ 825 exhibit a much flatter,
inverted degenerate relation at the higher temperatures. This leads to a well
determined metallicity, less sensitive to the precise Teff.

In spectral order #49, centered on 7090 Å, four out of five stars cluster
very tightly in Teff, with results in the range 3600–3800 K, despite spectral
types in the range M0–5. Results in this region indicate that the different
spectral types are simply a result of different metallicities. For the earliest-
and latest-type stars, GJ 825 and GJ 876, we find metallicities [M/H] = −0.5
and [M/H] = 0.25, respectively. This clustering is similar to the behavior Bean
et al. (2006a) derived in a different sample of stars of spectral types M2.5–5.

In spectral order #41, centered on 8475 Å, the degenerate relations are
flatter, and tend toward higher metallicity or lower temperature for each star.
The optimal parameters exhibit a stronger correlation between temperature
and spectral subtype, with smaller dispersion in metallicity than indicated by
spectral order #49. In other words, this spectral region indicates a dispersion
primarily in temperature rather than metallicity.

All results are compared to literature values in Table 4.2.2.
The quality of our metallicity determinations is difficult to estimate. Com-

pared to results from the photometric calibration of Neves et al. (2012), with
the errors combined in quadrature, the difference is generally less than 1σ for all
spectral regions of all stars. Note however that the error of the photometric cal-
ibration is rather large, σ = 0.17 dex. The most significant difference is found
for spectral order #40 of GJ 725 B, where the difference is ∆ = 0.23 ± 0.19.
For every applicable star, the metallicities determined by Rojas-Ayala et al.
(2012) show better consistency with the photometric calibration than do ours.
Conversely, our metallicity determinations are more consistent with theirs than
with the photometric calibration.

For all three late-type stars, spectral order #49 indicates temperatures more
similar to the photometric calibration, than does the TiO bandhead of spectral
order #41. The indicated temperatures are however still consistently higher.
Assuming the photometric values in the analysis results in suspiciously low
metallicities for all three stars.

For the earlier-type stars, the two regions show less dispersion, and rea-
sonably good agreement with predictions. In the case of the M2 star GJ 880,
both spectroscopic results are ∼200 K hotter than indicated by the photomet-
ric calibration, but ∼340 K hotter than what is estimated from interferometric
measures of the star’s angular diameter. Adopting the photometric measure
in the spectroscopic analysis indicates metallicities of [M/H] = −0.60 or −0.35
in spectral orders #49 and #41, both of which deviate strongly from the pho-
tometric metallicity estimate. The M0 star GJ 825 is so warm that spectral
region #41 is constrained only by the atomic lines, which yields a very large
uncertainty in the effective temperature. Adopting the photometric tempera-
ture in the analysis yields metallicities of [M/H] = −0.12 and −0.20 in the two
spectral regions, both of which are consistent with the photometric estimates.

These results hint at a gradient, where the strong TiO bandhead at 7090 Å
deviates from expectations from photometry more strongly for the late-type
stars. The indicated temperatures are more consistent with external estimates
in the spectral region near 8475 Å, and the two regions yield disparate results
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Table 4.2.2: Comparison of results for five M-dwarfs

Teff [K] [M/H] Comment
GJ 725 B – M3.5

3442± 75 −0.16±0.16 This work, a TiO γ-system bandhead in order #49a

3304± 100 −0.11±0.20 This work, atomic lines and weak TiO in order #41b

3300± 75 −0.14±0.09 This work, atomic lines and weak TiO in order #40c

3172± 104d −0.37e Photometric calibrations
3266 −0.66 Optical spectroscopyf – a TiO γ-system bandheada

3070± 260 −0.93±0.13 Optical spectroscopyf – weak atomic lines
3202± 71 −0.91±0.07 Optical spectroscopyf – previous results combined
3500 0.0 IR spectroscopyg

3288± 27 −0.25 IR spectrophotometric calibrationh

GJ 752 A – M3.5
3619± 75 −0.05±0.18 This work, a TiO γ-system bandhead in order #49a

3426± 100 −0.17±0.13 This work, atomic lines and weak TiO in order #41b

3344± 116d 0.02e Photometric calibrations
3390± 120 Interferometric angular diameteri

3789± 20 −0.03 IR spectrophotometric calibrationh

GJ 825 – M0
3780± 75 −0.34±0.15 This work, a TiO γ-system bandhead in order #49a

4000± 150 −0.20±0.05 This work, atomic lines and weak TiO in order #41b

3873± 106d −0.18e Photometric calibrations
GJ 876 – M5

3662± 75 0.22±0.15 This work, a TiO γ-system bandhead in order #49a

3300± 75 0.00±0.14 This work, atomic lines and weak TiO in order #41b

3067± 109d 0.13e Photometric calibrations
3156± 150 0.12±0.15 IR spectroscopyh

3478± 48 −0.12±0.12 Optical spectroscopyk

3473± 18 0.14 IR spectrophotometric calibrationh

GJ 880 – M2
3704± 125 −0.15±0.26 This work, a TiO γ-system bandhead in order #49a

3726± 75 −0.05±0.07 This work, atomic lines and weak TiO in order #41b

3507± 110d 0.04e Photometric calibrations
3373± 100 Interferometric angular diameteri

a The γ R2 0–0 bandhead in spectral order #49, λ ∼ 7090 Å.
b Weak TiO features and atomic lines of Ti and Fe in spectral order #41, λ ∼ 8450 Å.
c Weak TiO features and atomic lines of Ti and Fe in spectral orders #40–41,
λ ∼ 8450, 8670 Å.

d From the theoretical photometric calibration of Casagrande et al. (2008) – see Section 3.2.5.
e From the empirical calibration of Neves et al. (2012). They cite a dispersion of
σ = 0.17 dex.

f Valenti et al. (1998), using the same R ∼ 120000 spectra as this work.
g Jones et al. (2005), unconstrained fits to CO lines at λ ∼ 2.3µm, R ∼ 42000.
h Rojas-Ayala et al. (2012), a low-resolution calibration in the IR, λ ∼ 2.2µm. Temperatures

from a theoretical calibration on H2O and atomic indices. Metallicities from their empirical
[M/H] calibration, with an uncertainty of σ = 0.12 dex.

i Berger et al. (2006), from CHARA array interferometric measurements of angular
diameters.

j Bean et al. (2006a), from analyses of atomic lines near λ ∼ 8400 Å and the TiO γ R2 0–0
bandhead, R ∼ 50000.

k Önehag et al. (2011), from atomic and molecular lines at λ ∼ 1.3µm, R ∼ 50000.
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for late-type stars. The rather small spectral coverage in the preferred spectral
region, and the poor correspondence of most molecular spectral features yields
weaker constraints on stellar parameters. Adopting photometric temperature
estimates in the analysis improves the precision, but still yields suspiciously
low metallicities for all four stars of spectral type M2–5.

4.2.4 Discussion
Stellar parameters have been determined for GJ 876 individually from spec-
tral orders in most of the spectral range 6400–8900 Å. In regions dominated
primarily by molecular absorption, detailed analyses are able to break the
temperature-metallicity degeneracy, to simultaneously determine both param-
eters.

The results exhibit systematic differences between two regions exhibiting in-
ternally consistent results: the ranges 6500–7300 Å and 7300–8800 Å, where the
lower spectral range exhibits stronger molecular absorption (see Section 2.1.5).
From analyses of five stars with limited spectral coverage, the upper wavelength
range is found to better agree with photometric and interferometric expecta-
tions. This behavior is seen for the four stars of spectral type M2–5, but not
in the M0 star. The behavior seems stronger for the latest-type stars.

Several possible causes for these results are discussed in this section, from
the viewpoint that the photometric and interferometric temperatures are ac-
curate. Qualitatively, the lower spectral range then indicates discrepant high
temperatures, which implies that the strengths of absorption features are un-
derestimated. This corresponds to misidentifying the continuum level – a di-
agnostic which was directly recognized near 6700 Å, and near 7100 Å in Fig-
ure 4.1.5. The synthetic spectra which then best match observations must in
turn exhibit less absorption, which requires either higher temperatures or lower
metallicities. The most likely cause is related to the line haze: either due to
missing absorption, or due to insufficient accuracy of line positions. Part of the
inaccuracy is caused by the contribution from isotopic lines. For future stud-
ies, note that the magnitude of isotopic splitting increases with the vibrational
number, and should thus be studied in sufficiently strong higher-v bandheads,
when possible.

Not enough line haze? Molecular line spectra consist of a very large num-
ber of lines. A few examples of the distribution of line strengths are illustrated
in Figure 3.2.2. Typically, a handful of dominant lines can be individually iden-
tified in the spectrum, while a very large number of weaker lines have significant
collective influence in a so-called line haze. Two general problems relating to
the line haze shall be discussed: the number of lines in a given spectral region,
and the influence of its structure.

First, the theoretical linelist describing a given spectral region may be miss-
ing the contribution from unknown electronic systems or even entire molecular
species. If significant amounts of lines are missing, then the corresponding error
in the distribution of opacity might affect the global flux distribution, which in
turn determines the atmospheric structure.

Similarly, erroneous molecular constants might position entire bands in the
wrong spectral regions, leading to either too much or insufficient line haze.
Depending on the total opacity in the regions which such bands shift in and
out of, this may significantly affect both the global distribution of opacity and
the fine details in the spectrum.

In a region where the line haze becomes too strong, absorption features
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would appear relatively weaker. To compensate, the stellar parameters would
be adjusted to produce stronger absorption, giving either lower temperatures
or higher metallicities.

If instead opacity is shifted out of a region, so that the line haze becomes
too weak, then absorption features would appear to be too strong. This would
lead to either higher temperatures or lower metallicities, which is consistent
with our results in regions exhibiting strong absorption.

This could be an effect of not including sufficient line opacity in calculations.
In Section 3.2.4, the number of TiO lines included in the synthesis has been
determined to be sufficient. Additionally, the influence of absorption from
available linelists of CaH and VO does not affect results significantly. The
influence of other absorbers is further discussed later in this section.

Problematic line haze structure? The haze consists of a large number of
weak transitions belonging to different branches of different bands, and even
different systems. Systematic errors in the positions of lines with disparate
origin should appear random, which removes inherent structure in the linehaze.
For the same reason, artificial structure could arise by coincidence.

Section 4.1 investigated the possibility to improve the molecular description,
and thus the TiO linelist. Compared to laboratory observations, transition
wavelengths were improved by a factor two to three. The resulting uncertainty
of transition wavelengths ranges from a dispersion of just 0.02 Å for the best
described and most influential lines of the γ-system, to systematic deviations
as large as 2 Å for high-excitation lines in the α-system. In Section 4.1.2,
these discrepancies were corrected for all lines with laboratory data available.
Synthetic spectra were computed for such linelists using both previous and new
molecular constants, and compared to observations. The modified molecular
constants were found to improve χ2-values in certain spectral regions by a factor
two to three. As both linelists used laboratory wavelengths for all observed
transitions, the improvement relates directly to an improvement in the line
haze.

While spectra did improve, the determined stellar parameters were not sig-
nificantly affected. In Figure 4.1.5, some of the weaker absorption features have
become even weaker in this work. This is because of an increase in the structure
of the haze. A decrease implies a more stochastic distribution of opacity, giving
a smoother haze. A smoother haze will tend to “fill in” the weakest absorption
features, thus reducing the relative strength of stronger features. This indicates
less absorption, and thus higher temperatures or lower metallicities, which is
precisely what has been identified in problematic regions.

Note that the very well reproduced spectral region near 7700 Å (Figure 4.1.6)
indicates preferable stellar parameters to those determined from the stronger
and less well reproduced region near 7100 Å. Again, this is consistent with
errors caused by the line haze in the latter region, while the former is more
accurate.

Problematic oscillator strengths? Molecular oscillator strengths have been
determined in detailed theoretical studies combining laboratory studies of molec-
ular constants and radiative lifetimes. Astrophysical tests have previously im-
proved a few of these determinations, such as the strength of the ε-system
(Valenti et al., 1998) and the δ-system (Plez, 1998), with later verification
in theoretical studies (Langhoff, 1997; Dobrodey, 2001). Recently, forbidden
bands have been been observed in an astrophysical object by Kamiński et al.
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(2009). As the strengths of these bands were found to differ significantly from
predictions, they should offer useful constraints for future theoretical studies.

In the present investigations, results are inconsistent with erroneous elec-
tronic oscillator strengths. This is because different bands in the γ-system in
the lower spectral range are found to indicate similar stellar parameters, even
when significantly blended with γ′ bands. These results then diverge from ana-
lyses of bands in the γ-system in the upper spectral range. Test calculations
with varied electronic oscillator strengths in the γ-system have been performed,
but could not produce consistent results in the discrepant spectral regions.

It is however possible that large-scale problems of this type exist, as absorp-
tion in various electronic systems influence the distribution of opacity and thus
the atmospheric structure. First-order effects should be found in the spectral
energy distribution. The spectrophotometric comparisons of e.g. Plez (1998)
and Levesque et al. (2005) do not indicate any obvious discrepancies of this
type.

Missing absorbers? Several molecular species which were identified in Sec-
tion 2.1.5 as influential were not available in the spectral synthesis. Addition-
ally, neither ScO nor CrH are included in the calculation of the MARCS at-
mospheric models. It is possible that other weak absorbers are missing entirely
from both the comparison and calculations.

This might affect either the synthesis itself or the atmospheric models on a
local or global scale. Effects on the global scale should again be best identified
in spectrophotometric comparisons. Discrepancies in the results presented by
Levesque et al. (2005) do tentatively indicate that absorbers are missing. For
instance, the discrepancy in the region near 8100 Å in some of their figures is
likely linked to absorption in LaO, which was not available in those calculations
(B. Plez, priv. comm.).

The stars investigated there are supergiants, whose low surface gravities
produce a quite different atmospheric composition relative to the dwarfs in-
vestigated here. More relevant to the present investigation are the results of
Rojas-Ayala et al. (2012). As shown in Table 4.2.2, their temperature determi-
nations are generally consistent with those determined spectroscopically here
and in the literature using the TiO bandheads at 7090 Å or CO lines in the
NIR. Their results indicate a general agreement for the distribution of flux
and the strengths of spectral features, except the sodium doublet at 2.2µm.
Unfortunately, their observations cover only a limited wavelength range in the
IR, and cannot be used for a more complete comparison of the spectral energy
distribution.

As the discrepancy in stellar parameters seems to appear for stars of a
certain spectral type or temperature, one could postulate that an unidentified
absorber was responsible. This study offers constraints on such an absorber, in
the sense that its opacity must be smooth as to not significantly distort some
of the very well reproduced spectra presented here, or be localized to regions
which were not well reproduced by synthesis.

Problematic partition functions? As a handful of atomic elements take
part in forming several different molecular species, the atmospheric composition
is sensitive to a large amount of formation and dissociation processes. Partition
functions, as well as systematics in the equation of state may significantly
distort primarily the atmospheric composition, and secondarily its structure.

Errors in partition functions can be difficult to pin down, as errors partially
cancel in the equations describing thermal excitation and molecular forma-
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tion/dissociation. Related errors for a molecule and its constituents would also
cancel.

The accuracy of partition functions in particular, and the equation of state
in general, should be best constrained by examining different species. In the
present work, TiO and various atomic species have been found to broadly agree
on the stellar parameters. Future studies would do well to focus on additional
molecular species. Most interesting would be a comparison of different oxides,
such as TiO, VO, LaO and possibly CO, to various hydrides, such as CaH,
CrH, FeH and possibly water. As different species influence different spectral
regions, there are also inherent problems for such comparisons. The former
three in each listing are all influential below 1µm, and should be possible to
evaluate in the same spectra.

A problematic chemical composition? Direct analyses under different
oxygen abundances have been tried for GJ 876 in the strong TiO region near
7100 Å. When assuming photometric values for temperature and metallicity,
the best-fitting synthetic spectrum indicates an oxygen abundance of [O/H] =
−0.2. While this is not an unreasonably low value, the spectrum agrees sig-
nificantly less with observations than when computed under solar abundances
and a higher temperature.

It is possible that a bias of this type exists in the results of Schmidt et al.
(2009). They adopt the photometric temperatures and atomic line abundances
of iron and titanium from Woolf and Wallerstein (2005, 2006); Woolf et al.
(2009). Oxygen abundances are derived similarly to the trial calculations pre-
sented above, from TiO lines near the γ-system R2 0–0 bandhead. While their
metallicity determinations were proven to be reliable, they do not validate
their oxygen abundances. Their cooler stars do tend to indicate lower values
of [O/Fe] at a given metallicity, but this might just as well be a result of their
sample selection criteria.

Throughout the spectrum, atomic lines of various species have not been
found to indicate systematically different abundances. Most importantly for
an atmosphere dominated by molecules, the lines of calcium, titanium, iron
and vanadium when compared in the same regions do not indicate different
metallicities. Additionally, the lines of heavier elements like rubidium and
barium are consistent with the lighter elements.

Hence, no tendency for a peculiar chemical composition is identified in
GJ 876. Corresponding tests are not easily done for the other stars, as the
only species visible in their spectra are TiO, Fe and Ti. From the limited
comparison of these elements, no tendency can be identified.

Starspots? Normally, convective motion involves bubbles of warm matter
rising through the photosphere. At the low optical depth near the surface,
heat loss by radiation becomes more efficient, and the cooled gas sinks again.
Starspots are regions on the stellar surface with strong magnetic fields, which
inhibit the convective motion. Matter trapped on the stellar surface is able to
cool for longer, and thus reach lower temperatures. These cool regions appear
dark in contrast to the warmer surroundings, and are known as starspots.

The idea is that different parts of the stellar surface may contribute to
different spectral features, such as is the case when TiO bands appear in the
spectra of solar-type stars (O’Neal et al., 2004). Spectral features of different
temperature sensitivity would then naturally indicate different stellar param-
eters, and can in the inverse sense be used to constrain starspot properties.
The situation is more complicated for M-dwarfs, where opacity in the bulk

68



of the surface is already dominated by molecular species. Significantly cooler
spots would instead of TiO be dominated by more fragile molecules. Surfaces
can to some extent be reconstructed using the Doppler imaging technique, as
demonstrated by Barnes and Collier Cameron (2001); Barnes et al. (2004).

The presence of stellar magnetic fields is connected to activity, which as
discussed in Chapter 1 is related but not fully driven by rotation. In existing
studies (see Section 3.2.3), all stars in this sample are consistent with very low
rotational velocities. Additionally, none are known to exhibit e.g. Hα emission.

Two stars investigated here are binaries (GJ 725 B and GJ 752 A), and
another has at least four planetary companions (GJ 876). GJ 752 A is the most
active star in our sample, known to exhibit chromospheric flaring triggered by
its nearby low-mass (< 0.1M⊙) companion, the M8-dwarf known as VB 10.
GJ 752A was studied in detail by Buccino et al. (2011), who detected a ∼7 year
chromospheric activity cycle. They identify anticorrelated long-term brightness
variations by just 0.25 %, indicating correlated but small variations in starspot
coverage.

More detailed comparisons to stars known to exhibit such activity may
help disentangle the influence of this effect. Such studies should include not
only TiO, but also molecules which form at lower temperatures, and preferably
compare results with those from Doppler imaging.

Non-LTE effects? In the highest, most tenuous layers of the atmosphere,
collisions are no longer able to uphold LTE. Non-LTE effects appear in the
sense that LTE is no longer a good approximation. Several effects of this type
may affect molecular line spectra.

Direct non-LTE effects affect the distribution of excitations and the pro-
cesses of dissociation and association. Such effects on molecules in M-dwarf
atmospheres are thought to be small, due to the very large amount of energy
levels and the large amount of collisions resulting from the high surface gravity.

Indirect effects are trickier. Qualitatively, the departure from LTE may
affect the chemical composition and thus the atmospheric structure. Additional
or coupled effects may arise from non-LTE effects on the molecule’s atomic
constituents. If the formation balance would become significantly skewed, then
opacity is reduced, cooling the outermost layers in the loss of what is called
line blanketing. Most relevant to M-dwarfs is the study by Hauschildt et al.
(1997) on non-LTE effects for titanium and its effects on atmospheric structure
and the chemical composition. In their particular setup, they identify cooling
effects as large as 300 K in the outermost atmospheric layers. They identify
direct effects on the spectrum (ignoring effects on the atmospheric structure)
with typically stronger absorption in line cores.

Let’s assume we have fit our LTE models and spectra to observed spectra
which were produced under non-LTE conditions. To make the synthetic line
cores fit observations, they must be made stronger, which requires either lower
temperatures or higher metallicities. Again, this is the opposite of what has
been found.

Second-order effects are more difficult to identify, but could be evaluated
by comparing the strengths of lines of different elements formed at different
depths in the atmosphere.

4.2.5 Recommendation
In detailed analyses of GJ 876, different spectral regions were found to differ sig-
nificantly in their indicated temperature. Two general regions were identified:
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the lower spectral range, below 7300 Å, which indicates higher temperatures,
and the upper spectral range, above 7300 Å, which indicates lower temper-
atures. Tension in combined analyses in the two ranges result in uncertain
metallicities, which are likely to be underestimated.

By comparing analyses of five M-dwarfs, it is found that temperatures in
the upper spectral range are more consistent with photometric estimates, which
are in turn consistent with independent interferometric results. The indicated
temperatures do still differ, with spectroscopic results consistently hotter. Ap-
plying photometric temperatures directly to the spectroscopic analysis should
tend to underestimate the metallicity.

For these reasons, it is recommended that future high-resolution spectro-
scopic analyses of M-dwarfs do not combine results from the lower and upper
spectral ranges, as this is likely to yield underestimated metallicities. This
excludes the combined use of the strongest TiO bandheads near 7100 Å and
the rather clean atomic lines near 8400 Å. Instead, the well reproduced rather
strong TiO absorption region near 7700 Å seems to allow an accurate contin-
uum determination, resulting in a temperature determination suitable for use
in atomic line analyses at higher wavelengths.

The discrepant results resulting from analyses in the lower spectral range
are likely due to errors in the structure of the line haze. The improvements
to the molecular constants in this work did improve the line haze, producing a
better match to observations. It is unclear if this improvement is due to a better
description of weak lines in higher-vibrational bands, or of the strongest isotopic
lines. Regardless, the improvement in this work can be considered only a proof
of concept, as the resulting stellar parameters were not significantly affected.

It is recommended that future theoretical molecular studies attempt to fur-
ther improve the structure of the line haze by applying more accurate modeling
to better laboratory data than that used here. If successful, this could allow
detailed analyses in spectral regions below 6400 Å. If the linelist became suffi-
ciently accurate, then the influence of a larger set of weak spectral lines could
be used to determine more chemical abundances in M-dwarfs. This would give
a more accurate representation of the equation of state, and thus more precise
stellar parameters.
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Chapter 5

Discussion

A high-resolution (R ∼ 68000) UVES spectrum of the M5-type dwarf GJ 876
covering the spectral range 6000∼9000 Å has been analyzed in detail. Observa-
tions have been compared to spectrosynthesis, with generally good reproduction
in the spectral range 6400∼9000 Å. In this range, stellar parameters (effective
temperature and metallicity) have been derived independently for each spectral
order. The degenerate effects of temperature and metallicity in spectra dom-
inated by a single species (TiO) are possible to disentangle through detailed
analyses, as shown in Section 2.3.5. The relevant methods and observations are
described in Section 3.2.

Significant variations have been identified in these results, presented in Sec-
tion 4.2, which indicate a strong underestimation of the amount of absorption
(and thus the metallicity) in spectra below 7300 Å, where the expected amount
of molecular absorption is very large (see Figure 2.1.1). Above 7300 Å, where
molecular absorption is generally weaker, results are more in line with expecta-
tions from photometry and interferometry. From homogeneous analyses of five
M-dwarfs of varying subtype (0–5), the effect appears to be larger in later-type
stars.

Several possible underlying causes have been discussed. Uncertainties in
electronic oscillator strengths can be rejected as the primary explanation, as
regions with different amounts of absorption dominated by bands of the same
molecular system indicate different metallicity, while regions with similar amounts
of absorption dominated by bands of different molecular systems indicate sim-
ilar metallicity. Direct non-LTE effects can also be rejected, due to the small
expected effects on molecular populations and the opposite sense of effects
on line strengths. These conclusions are drawn primarily from the analysis
of GJ 876. As similar effects are seen in all late-type stars in the analysis,
the effect is not likely caused by an anomalous chemical composition in that
particular star.

The preferred primary explanation instead concerns the structure of the line
haze. By improving transition wavelengths in the TiO linelist, as described in
Section 3.1, a tendency has been identified in Section 4.1 that weak features
tend to appear yet weaker. This indicates an improved accuracy in the line haze,
creating structure where uncorrelated errors otherwise produce a stochastic
distribution.

The improved accuracy of transition wavelengths is rather limited, due to
the simple physical model used, and the inclusion of only one recent high-
precision data source. The resulting improvements in synthetic spectra are
insufficient to significantly affect the determination of stellar parameters, but
indicates that the line haze is to blame. In this interpretation, the stochastic
behavior of the line haze tends to “fill in” the weakest absorption features, so
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that the relative strength of stronger absorption features cannot be accurately
determined. They appear to be weaker than they should, which indicates lower
metallicity (or higher temperature, which has similar effect).

When regions affected by this effect are analyzed, a tendency for under-
estimating the metallicity arises. Such effects are suspected to exist in the
literature, reviewed in Section 2.2.1. Future analyses of M-dwarfs are recom-
mended to avoid the strong TiO bandheads below 7300 Å. Instead, the weaker
TiO bands near 7700 Å are found to be better reproduced, and to result in more
reliable stellar parameters. The bandhead of the δ-system at 8800 Å seems ten-
tatively reliable, while trailing absorption in this system may be significantly
affected both by an uncertain line haze and by absorption in FeH.

The accuracy of the stellar parameters derived by the preferred spectral
regions cannot be determined from the present spectra alone. In follow-up
studies, a larger sample of M-dwarfs shall be analyzed. The accuracy of de-
rived metallicities should then, if possible, be evaluated by comparing results
for stars in binary pairs (either with a warm FGK companion, or with another
M-dwarf), in kinematic groups, or even in stellar clusters. A larger sample of
stars also allows statistical comparisons to photometric and perhaps interfero-
metric temperature estimates. Hopefully, such comparisons can disentangle
the possible effects discussed in Section 4.2.4, and yield an estimate of whether
the accuracy of stellar parameters is now sufficient.

At present, it is unknown whether a residual bias remains even in the best
reproduced spectral regions recommended for analyses above. It is however
obvious that residual inaccuracies in the description of weak transitions in TiO
– whether in high-v bands or in isotopic components – impede the accuracy
of synthetic spectra. Most of the spectrum below 7300 Å has been found to
either not be well reproduced by synthesis, or to exhibit systematic problems.
This excludes a very large amount of atomic lines from chemical abundance
analyses, as they are embedded in an uncertain molecular line haze.

If significant advances could be made in the accuracy of transition energies,
then a large window of opportunity would open for highly detailed chemical
analyses of M-dwarfs. Such results would not only improve modeling directly
related to spectrosynthesis, but could also help disentangle temperature- and
metallicity-effects on the spectral energy distribution. This would aid in the
creation of accurate photometric and low-resolution calibrations, for use on very
large samples of faint stars. Modeling in other fields would also be improved. As
reviewed in Chapter 1, this would also help constrain stellar structure modeling
(e.g. of pulsations and magnetic fields), and possibly give strong constraints
on planetary formation processes. Additionally, improved accuracy in M-dwarf
spectrosynthesis will improve future analyses of exoplanet atmospheres, which
could potentially detect life. The study of M-dwarfs may thus be key in a
number of scientific fields, but requires a solid footing.
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