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Abstract

The information we can gather about chemical composition and evolutionary status of
stars comes from the detection and analysis of the photons that are emitted, and
comparisons with theoretical predictions. The relative abundances of elements within the
Sun provide the baseline against which the elemental abundances of all other stars,
galaxiesandthe interstellar medium are based upon. Libraries of model atmospheres and
stellar spectra have been previously computed using ATLAS9 based upon the solar
metallicity and chemical composition values calculated by Grevesse & Sauval (1998), used
as the standard until Asplund et al. (2009) produced a new determination of the chemical
composition of the Sun. This new value for the total metallicity of the Sunislowerthan that
which was previously determined, and the abundances of elements such as carbon, oxygen
and nitrogen are different, which has significant implications for the analysis of the
spectroscopy of stellar populations.

In this project new opacity distribution functions have been calculated using the Asplund et
al (2009) abundances for several metallicities ranging from -2.5 to +0.5, and these have
been used to produce new grids of ATLAS9 model atmospheres and synthetic spectra for
stars with effective temperatures of 3500 K to 100000 K and log g from 0.0 dex to 0.5 dex, for
both normal and alphaenhanced stars. Comparisons of the synthetic spectra produced by
the old and new models show that there is very little difference in the energy
distribution in stars hotter than 4500 K. Investigations into the bolometric corrections and
colourindices show some differences with the U-B, B-V and u-b indices from the new ODFs
beingslightly redderfor effective temperatures below 4500K, but above this there are no
significant differences. Comparisons between the bolometric corrections and colourindices
calculated using the new abundances and the empirically derived values show a good
general agreement for main sequence stars regardless of the metallicity, but less so for

giant stars.
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Chapter 1

Introduction

1.1 Stellar Modelling

A detailed understanding of stars is of vital importance in astrophysics, and the modelling
and observation of stars is of fundamental significance in studying both the nature of the
stars themselves and the larger systems that they occur in, such as galaxies and globular

clusters, and the way that these systems evolve overtime.

The information we can gather about chemical composition and evolutionary status of
stars comes from the detection and analysis of the photons that are emitted, and the
comparisons of this empirical data with theoretical predictions. Stars emit a continuous
featureless blackbody spectrum of photons from their photosphere, the deepest visible
layer. The photosphere is surrounded by a thinner, optically thin, atmosphere and the
chemical elements present within these layers produce absorption lines that show up in
the observed flux distribution superimposed over the continuous spectrum emitted by the
photosphere. The theoretical modelling of these atmospheric layers is therefore a crudal
part of the tools aimed at understanding the evolution of cosmic structures such as star

clusters and galaxies.

Theoretical studies of stellar populations make use of both stellar evolution models and
stellar model atmospheres. In stellar evolution models the evolution of a star with a
spedified initial mass and chemical composition can be calculated by solving the equations
of stellar structure and evolution (e.g. Salaris & Cassisi, 2005). The output of these models
is the prediction of the physical (pressure, temperature and density) and chemical

(abundances of chemical elements) quantities at each layer of the model, from the core to



the photosphere, and the changes of these quantities over time. These can then be
compared with the observations taken of real stars, based on the detection and analysis of

the photons that they emit.

To permit the comparison of the observed data and the theoretical predictions, the
luminosity and effective temperature created by the output of stellar models needs to be
converted into the magnitudes and colours observed from real stars, and this conversion
can be calculated by using bolometric corrections and effective temperature-colour

relationships (Girardi et al., 2002).

Once the properties of a model star have been calculated, or the characteristics of a real
star observed, then the star can be positioned on a Colour Magnitude Diagram (CMD) —this
is a plot of the magnitude of the star in a given photometric band versus the difference
between the magnitudes in two different photometric bands. The difference between the

apparent magnitudes of asingle starin two differentbandsistermed the colourindex.

Model atmosphere calculations, on the other hand, predict physical and chemical
quantities throughout the atmospheric layers, starting from the photosphere, for a
spedified photospheric chemical composition, effective temperature and surface gravity
(that is determined by the mass and radius of the underlying stellar model). Once the
model atmosphere structure is calculated, one can calculate the outgoing spectrum of
photons, that indude all spectral lines produced by the atomic transitions of the ions (and
eventually molecules) present in the atmospheric layers. It is important to notice that
stellar evolution and model atmosphere calculations employ different sets of equations
because of the necessarily different treatment of radiative transport, due to the different
temperature/density regime of the atmospheric layers compared to the stellar interior and

the lack of energy generation and negligible massin the atmospheres.



Once these calculations are available it is then possible to predict the detailed spectrum of
a star, and from this the magnitude, bolometric correction and colour of that starin a given
photometric band. This can be then done for, in princple, any system of photometric
filters, for any age or combination of ages of stellar populations, and this can then produce

a library of stellarspectrathatcan be usedfora variety of purposes.

Although they can be limited by the parameters and assumptions used, producing a stellar
synthetic spectral library has a number of advantages over using an empirical library; they
are less limited in the wavelength covered and the spectral resolution, and can cover
different physical and chemical compositions of stars (Husser et al., 2013). The majority of
the current spectral libraries used are based on the model atmospheres that were created
by Kurucz (1970) and specific spectral libraries, such as MARCS for late-type model
atmospheres (Gustafsson et al., 2008) and one based on the PHOENIX code, have been
created for comparisons with specific sets of observations taken from X-Shooter on the VLT
and CRIRES (Husser et al., 2013). The TLUSTY code has been used to create grids of stellar
models and synthetic spectra for one-dimensional, plane-parallel, non-LTE hot stars with
effective temperatures of over 10,000 K (Lanz & Hubeny, 2003) which has more recently

been expanded to cover coolerstars (Hubeny & Lanz, 2017).

There are two main shortcomings of current theoretical model atmospheres (Salaris &
Cassisi, 2005); the accuracy of the stellar spectra produced, and approximations used in
calculating the energy transport. In the first case, although the broad features of stars with
solar chemical compositions can be reproduced to a reasonable degree; there are
differences in both the number and relative strength of the spectral lines when compared
to the Sun. While this will have less of an impact in the calculation of broadband colours,
when considering narrowband filters these differences in individual metallic lines can have

a significant effect on the bolometric corrections. With regard to the second shortcoming;



two and three dimensional hydrodynamical simulations of stellar spectra have begun to be
produced, but have not so far built up a suffidently large database covering the full range

of masses, chemical compositions and evolutionary phases (Salaris & Cassisi, 2005).

1.2 Stellar Spectra

Stars are not perfect black-bodies, the spectra that they produce is modified by the
emission and absorption processes within the stellar atmosphere. The effective
temperature of a staris a physical quantity related to the stellar luminosity and radius, and
is the temperature of an equivalent black body that gives the same total power per unit

area (Smalley, 2005). Thiscan be expressed as
[ee]
ol = fo E,dv = Fy 4y = L/4TR?

Where L is the bolometric luminosity, ¢ is Boltzmann’s constant, and R is the radius of the
star. The value of the stellar radius used in determining the effective temperature can be
taken as the depth of the formation of the spectral continuum (Smalley, 2005). If
measurements of the angular diameter (0) of a star can be taken, and allowances made for
any interstellar reddening or limb-darkening (the gradual decrease in the observed
brightness from the centre of its star to its edge), then the effective temperature can be

calculated forreal stars by measuring the total observed flux at the Earth.

92
Fstar = IfEarth

The modifications to the black-body spectra caused by the lines created by absorption in
the stellar atmosphere can reveal a great deal of information about the star. The relative
strengths of some lines can give an indication of the temperature of the star and the
chemical abundances of the elements that make up the atmosphere. In addition, the

broadeningof the spectral lines givean indication of the surface pressure and gravity.



The surface gravity (g) of a star is a measure of the photospheric pressure of the stellar
atmosphere (Smalley, 2005) and can be calculated by using the stellar mass (M) and the

radius (R) of the star and expressed logarithmically as:

logg = logM — 2log R + 4.437

The spectra also gives information regarding the colour of a star as the temperature of the
star is directly related to the peak of the spectral energy distribution; a hotter star will have
its peak flux at shorter wavelengths, and hence be ‘bluer’ than a ‘redder’ cool star with a

peak flux at longer wavelengths.

1.3 Population Synthesis Models

It also becomes possible to predict the integrated spectra, magnitude and colours of stellar
populations that cannot be resolved into individual stars (unresolved distant galaxies or
star clusters, for example). These predictions (that go under the general name of
population synthesis models — PSMs, see e.g. Salaris et al, 2009) have led to the
development of a wide variety of techniques that can be used to determine the ages and
star formation histories of both resolved and unresolved stellar populations. PSMs are
currently one of the main tools for investigating the formation and evolution of galaxies,
and can be utilised in one of two ways. In the first approach, photometric and
spectroscopic observations of, for example, unresolved galaxies provide empirical
integrated spectra, colours and/or magnitudes that can be used to constrain the star
formation history of the population by comparisons with the results from PSMs. The
second, more direct approach starts with a theoretical model of the formation of the galaxy
that predicts a specific star formation history of the stellar population. Using a PSM, it is
possible to convert this theoretical history into expected integrated photometric and

spectroscopic properties, that can then by compared to the observations taken of the real



object. Any differences between the model and the observations can be used to refine the

theoretical galaxy formation model, and the model may be run again.

There are a number of large stellar population synthesis databases, such as the BaSTl (Bag
of Stellar Tracks and Isochrones) project, that cover the evolution of stars over a wide
range of masses and chemical compositions (Pietrinferni et al., 2004, 2006, Cordier et al.,
2007, Salaris et al,, 2010). The continued expansion and update of these databases with
stellar models and spectra for ever larger ranges of chemical composition, mass and
evolutionary stages is a great asset to further research into the timescales of the evolution
of both resolved and unresolved stellar populations, which can then be used to provide
further information on galaxy formation and evolution. In this respect, there have been
some crudal new developments in the recent years that require a major update to take
into account the new solar chemical composition and the latest updates in the stellar input

physics.

1.4 Solar Metallicity

The chemical composition of the Sun is of fundamental importance in astronomical
research and understanding as it provides the reference values relative to which the metal
content of all other stars in the universe are determined. It is therefore vital to accurately
determine the solar total mass fraction (metallicity) and the measured individual
abundances of metals —elements heavier than hydrogen and helium - along with values of
the elemental abundances of planets and the interstellar medium. In all cases, X+Y+Z must
equal 1. The mass fractions of the hydrogen (X), helium (Y) and metals (Z) present in the

stellaratmosphere are defined as:

total mass of hydrogen

\
total mass of gas



total mass of helium

total mass of gas

total mass of metals

Z

total mass of gas

Fe _ Nre Nre
[ﬁ] = logqo (N_H> —logio (N—H)o

The metallicity of a star is usually defined by the ratio of iron to hydrogen (Fe/H) in the

atmosphere whichiscomparedto the Sun’svalue:
Fe] Zstar
71~ 1oe )

A star with a ratio of iron to hydrogen equal to that of the Sun would have an [Fe/H] of 0.0.
The old, extremely metal poor stars can have a value as low as -4.5 and the youngest, metal
rich stars can have a value up to +1.0. If a universal scaled solar distribution of heavy
elements is not assumed, then the relationship between [Fe/H] and the X, Y and Z values
changes, as the ratio between the abundance of iron and the total metal abundance would

be different from that of the Sun.

The solar metallicity abundance cannot be determined solely by observations of the solar
spectrum; the spectrum must be observed and the abundances are then calculated by
modelling (Scott et al., 2014). The development of three dimensional hydrodynamic codes
have driven new determinations of the solar metal mixture, which have then enabled a
more accurate determination of the overall solar metallicity and the relative abundances of

the elements withinit.

In the previous decade Asplund et al. (2005) determined a new value of the metal
composition of the Sun, which has more recently been refined further (Asplund et al.,
2009). The new value for the total metallicity of the Sun is lower than has previously

determined, and the abundances of oxygen relative to nitrogen and carbon is also lower,

7



which can have a significant impact on some of the stellar models and spectra used in
population synthesis models. These models are calculated based on the solar metallicity
and the solar metal distribution, and changes in the values of the relative abundances of
metals used will cause changes in the subsequent models. Changing the relative
abundances can have different effects depending on the temperature of the star as the
elements have differing opacities at different temperatures. For example changes in the
abundances of magnesium and silicon can have a significant effect on the spectra of red
giant stars because at low temperatures they are strong sources of opacities, where as
carbon, oxygen and nitrogen are not (VandenBerg et al., 2012). However, changes in the
relative abundance of carbon, nitrogen and especially oxygen can affect the turnoff
luminosity-age relations of main sequence stars, as they are responsible for the operation
of the CNO cyde that affects the structure of the star (VandenBerg et al., 2012). One
particularly important group of stars that have a significantly different metal mixture to the
scaled solar is the case of the a-enhanced metal distribution that occurs in old, metal poor
([Fe/H] below around -0.6) stars in the haloes of spiral galaxies and within the Magellanic
Clouds. The a elements are oxygen, neon, magnesium, silicon, sulphur, calcium and
titanium, and these are enhanced with respect to Fe compared to the scaled solar
distributions, usually by an approximately constant factor for every element (Salaris &
Cassisi, 2005). Although these stellar objects are metal poor, the ratio of a/Fe is larger than

the equivalentscaled solarratioata givenironabundance.

1.5 Project Aims

Previous grids of model atmospheres have been calculated using the ATLAS9 code (Kurucz,
1992, Castelli et al., 1997, and Castelli & Kurucz, 2004), using the most accurately
determined solar abundances at the time. The most recent extensive grids of model

atmospheres (Castelli & Kurucz, 2004) were calculated using the opacity distribution



functions based on the Grevesse & Sauval (1998) abundances. The effects of changing the
solar metal distribution to the Asplund et al. (2009) values has been studied with regard to
the effects on stellar evolution, but there are currently no libraries of stellar spectra and
bolometric corrections available based on these new abundances, and this project aims to
update the model atmosphere and spectral libraries available, taking into account these
latest determinations of the solar chemical composition. This project utilised the ATLAS9
suite of software to create a grid of stellar spectra for a range of surface gravities, effective
temperatures and metallidities, based upon the most recent standard determination of the

metal distribution of the Sun (Asplund et al., 2009).



Chapter 2

ATLAS9 and the production of synthetic
spectra

2.1 ATLASO

R. L. Kurucz (1970, 1993, 2005) developed one of the most popular tools for the calculation
of stellar atmospheres and synthetic spectra that currently includes the ATLAS9 and
ATLAS12 codes. These are used for the calculation of model atmospheres and make a
number of assumptions and approximations in the calculations (Kurucz, 1970). The
atmosphere is assumed to be thin relative to the radius of the star, and can thus be
regarded as plane layers instead of concentric shells. ATLAS9 can therefore produce one
dimensional plane parallel atmosphere models that split the atmosphere into a number of
homogenous layers that are in hydrostatic equilibrium.  Each layer is in local
thermodynamic equilibrium and the state of the atmosphere depends only on the local
values, and is not influenced by the state of the other layers (Castelli, 1988). The flux and
radiative and convective energy is constant with the depth of the atmosphere, and the

abundances of the elements are also constant throughout the atmosphere (Castelli, 1988).

In 1992 Kurucz, used the ATLAS9 code and published a group of extended grids of model
atmospheres calculated for several metallicities, covering a range of effective temperatures
and gravities. These were later extended by Castelli who calculated the grids for the alpha
enhanced elements (Castelli & Kurucz, 2004). The Kurucz and Castelli models were
computed by using Kurucz's (1990) model atmospheres and were are all based on the solar
abundances from Anders & Grevesse (1989). In 2004 Castelli and Kurucz updated their

model grids with the revised solar abundances published by Grevasse and Sauval (1998)

10



and with some replacement to the molecular lines for TiO and H,O (Castelli & Kurucz,

2004).

The two most widely used methods for sampling the large amounts of molecular and
atomic line data are utilising either Opacity Distribution Functions (ODF) or Opadty
Sampling (0OS), which are both based upon using an absorption coefficient that has a
suffident number of frequency points that would allow a full synthetic spectrum to be
computed (Jgrgensen, 1992). When using the ODF technique the opacity is not explicitly
calculated at every frequency, taking advantage of the fact that the atmospheric structure
depends upon the average properties of the spectrum rather than its spedfic details
(Kurucz, 1970). Rather than calculate the opacity for each wavelength, the spectrum is split
into a number of smaller intervals and the spectral line opacities are represented by
simplified distribution functions over each subsection of the spectra as a function of
temperature and electron density (pressure). For each of these small subsections a
distribution function is calculated that computes the fraction of that interval having an
opacity less than a given value (Kurucz, 1996), illustrated in figure 2.1.1., that shows the
absorption coefficient of an idealised section of a spectrum, with an arbitrary opacity value
- line Xi(v) — indicated. The fraction of this subsection of spectra with a line opacity less
than the value Xi(v) can then be determined, and then plotted on a graph of this fraction
against frequency (Hubeny & Mihalas, 2015). In each such ODF subsection, the frequency
points with a larger absorption value are moved towards one side of the interval, and the
points with a smaller absorption value are moved towards the other (Jgrgensen, 1992) as

showninfigure 2.1.2.

11



Xi(v)

Figure 2.1.1. Schematic absorption coefficient of overlapping spectral lines of an idealised
subsection of a spectrum. After Hubeny & Mihalas (2015).

This allows the spectra to be well approximated by a relatively small number of subsections
containing constant opacities. Inside each of these subsections, the absorption coefficient
is selected at a limited number of frequency points, which are then used for calculating the
model atmosphere. During each calculation, the opacity of a particular atom or molecule

can be calculated based on these ODFsand pressures.

Xi(v)

Figure 2.1.2. Schematic opacity distribution function (ODF) of a spectrum with the
subsection from figure 2.1.1. shown astheshaded area. After Hubeny & Mihalas (2015).

12



A limitation to this method is that it assumes the wavelength position of a given line
remains constant with optical depth, which may not be the case if the wavelength bands of

two different elements or molecules overlap (Hubeny & Mihalas, 2015).

For ATLASY the opacity of the model atmosphere is treated with the ODF technique and
each ATLAS ODF file contains the line opacity data for different values of electron density
and temperature within the required wavelength range. While the ATLAS9 code utilises
well-tested pre-computed ODFs to calculate the transfer of radiation, ATLAS12 uses the
altemate Opacity Sampling method to calculate the atomic and molecular opadities on the
run, by choosing a small number of random wavelength points that does not resolve the
spectrum in detail (Kurucz, 1996) and then computing the model by using the integral over
the spectrum at a particular depth to determine the energy flowing through this level of
the model atmosphere, alleviating the problems that can occur with variations with depth

incomplex spectra(Hubeny & Mihalas, 2015).

This second method allows a greater flexibility and the use of arbitrary atmospheric
compositions at the cost of a greatly increased processing time. However, for the creation
of alarge number of models it will be more efficient to create a specific ad-hoc ODF for the
chosen metal distribution, and use ATLAS9 (Sbordone et al, 2006). Grids of ODFs and
model atmospheres have been computed by Castelli and Kurucz (2004) using the solar
abundances from Grevesse and Sauval (1998) for effective temperatures from 3500K to
50000K and log g from 0.0 dex to 5.0 dex and these were used as the basis for comparisons

with the models produced by this project.

2.2 Usage of ATLAS 9

ATLAS (Kurucz, 1979) is an atmospheric modelling code that has been widely used to
produce synthetic spectra from a single dimension plane parallel atmosphere model

(Meszaros et al., 2012). A number of extensive grids of model atmospheres have been

13



calculated using ATLAS9 (Castelli & Kurucz, 2003; Meszaros et al., 2012) for a variety of
metallicities. A variety of solar abundances have been used to create these models,
including those from Grevesse and Sauval (1998) by Castelli and Kurucz (2004), Anders and
Grevesse (1989) by Kirby (2011) and Asplund et al., (2005) by Meszaros et al. (2012). The
ATLAS9 version of the ATLAS code reduces the computation time of the model by
calculating the line opacity with the ODF (Castelli, 2005) and given the large number of
models required by this project, ATLAS9 was chosen over the more flexible, but slower,
ATLAS12 version of the software. The calculations for this project are using the solar
composition values published by Asplund et al.,, (2009), which required new ODF and
Rosseland opacity calculations to produce the model atmospheres and then the synthetic
spectra based on those atmospheres. In addition to the abundance and opadity files,
producing the model atmosphere also requires an input of the effective temperature, log g
value, and a value for the global metallicity that is used to select a base model to start the
calculations from. ATLAS9 works by taking the specified input values, and selecting a
‘starting model’ of the relationship with similar input parameters, and then calculates the
temperature and optical depth for each layer within the simulated photosphere (Kurucz,
2005). The programme then iterates the calculation of the equation of state, line opacity
and flux in each layer until the model converges and the flux and temperature become

constantin each layer.

2.3 Other parameters: microturbulence, overshooting and rotation.

In the one-dimensional model atmospheres calculated using ATLASY, there is a free
parameter of microturbulence that is introduced into the models which will cause a
broadening of the spectral lines produced in a synthetic spectrum (Casagrande &
VandenBerg, 2014), which can conserve the width of the weaker lines and reduce the

saturation of the stronger lines. The grids of synthetic spectra produced by Castelli &
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Kurucz (2004) assume a constant value of & = 2kms™ in the model atmospheres generated,
as do the synthetic spectra in the MARCS library (Casagrande & VandenBerg, 2014), so for

direct comparison, the models generated here maintained the same constant value.

Casagrande and VandenBerg (2014) report that there is no clear correlation between the
microturbulence value and the observed stellar parameters, although there are indications
that the value increases with luminosity. The microturbulence value is thought to represent
the physical property of the non-thermal, small scale motion that occurs in a stellar
atmosphere and the value of 1.5 to 2.5 kmsis considered typical for dwarf, subgiant and

RGB stars.

ATLAS9 requires a parameter to be set for the “mixing-length” which deals with the
treatment of convection within the stellar atmosphere, and also allows for the computation
of stellar models with an “overshooting” factor, representing the processes within a star
that can extend the mixing effect of convection extending beyond its Schwarzschild
convective boundary, and into a stable region of the atmosphere. Castelli (1999) and
Bessell et al. (1997) discussed the differences between the models produced with this
option included or not, and concluded that in general, the no-overshoot models agree
better with observations (although not in the case of the solar spectra), and as such this
option was not included in any of the models produced in this study. Previous calculations
by Kirby (2011) and Castelli & Kurucz (2004) have used the mixing length value of 1.25 and

for consistency with the prior models this value was also used in this project.

ATLAS9 also has the capacity to simulate the effect of stellar rotation within the produced
synthetic spectra. If a star is observed at any orientation other than directly pole-on, then
there will be broadening of the spectral lines due to the rotation of the star, as the
spectrum emitted from each point on the surface is Doppler shifted by the projected

rotation velocity of the star at that point, and the total flux of the spectrum consists of a
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combination of the spectra emitted at all points (Kurucz, 2005). To enable comparison
between the new abundances and the previous work, this option was set to O for this

project.

2.4 Calculation of the ODF and Rosseland opacities

As a test of the software a new ODF and Rosseland Opacity was computed using the
Grevesse and Sauval (1998) values. The spectra produced using this model was tested
against the Grevesse and Sauval (1998) based spectra available on the website of F.Castelli
to determine that the model was calculated correctly, giving the same output spectra with

the same input parameters.

A second test was conducted by producing a model that used the values of Grevesse and
Sauval (1998), but with the alpha elements enhanced by +0.4. The spectra produced using
this model was tested against the alpha enhanced spectra available on the website of
F.Castelli to determine that the model was calculated correctly. Testing the models and
comparing to the parameters of the models calculated by Castelli allowed the
determination of the range of effective temperatures at which models could be

successfully calculated foreachlogg(showninfigures 2.5.1. and 2.5.2. later).

As a general overview, an ODF was calculated for each chemical composition required (the
new scaled solar, and the new alpha enhanced) which was then used within ATLAS9 to
create a database of model atmospheres based upon an input grid of effective temperature
and gravity. The complete grid produced covers appropriately the evolutionary phases of
stellar populations with the widest possible stellar parameters that could be calculated
with ATLAS9. Once a model atmosphere has been calculated, a synthetic stellar spectrum
was calculated, and compared with the synthetic spectrum produced by a star with the
same metallidty, gravity and effective temperature but with the older abundances of

Grevesse and Sauval (1998).
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More specifically, ODFs have been be produced for seven different [Fe/H] values (+0.5, O, -
0.5, -1.0, -1.5, -2.0 and -2.5) and two different metal mixtures - solar metal abundances
from Asplund et al. (2009) and the same mixture with the alpha elements enhanced by +0.4
dex (whereby at a given metallicity the abundances of elements like O, Mg, Ne, Ca are
increased compared to Fe, with respect to the reference solar metal mixture, as observed
in the halo of our galaxy and elliptical galaxies), to cover the full range of chemical
compositions observed in the universe. Each ODF then became the input used to run
calculations to produce a grid of model atmospheres and synthetic spectra of stars with
surface gravities of log g between O and 5 (in cgs units), and with an effective temperatures
between 3500 and 100000 kelvin. A grid of spectra for both the scaled solar and alpha-

enhanced metal distributions were produced and added to the database.

The DFSYNTHE, KAPPA9 and ATLAS9 codes produced by Kurucz (1993) were used to create
grid of plane-parallel model atmospheres that are in local thermodynamic equilibrium. The
Opacity Distribution Functions were first calculated with DFSYNTHE (described by Castelli,
2005) using the scaled solar abundances given by Asplund et al. (2009) for each element
that they listed and the Rosseland opacity was calculated using the KAPPA9 code. The

codes were compiled using the Intel Fortran compilerin Linux.

For elements not listed in Asplund et al. (2009), the values given by Grevesse and Sauval
(1998) were used (see Table 2.3.1). A total of eight ODFs and Rosseland opacities were
calculated using this solar abundance with global metallicity values of -2.5, -2.0, -1.5, -1.0, -
0.5, 0.0, 0.5 and 1.0 to cover a large range of scaled solar abundances and chemical

compositions.

17



No. | Element G&S Asplund et No. | Element G&S Asplund et al
(1998) al (2009) (1998) | (2009)
1 Hydrogen 47 | Silver 0.94 0.94
2 Helium 48 | Cadmium 1.77 [1.77]
3 Lithium 1.10 1.05 49 | Indium 1.66 0.80
4 Beryllium 1.40 1.38 50 | Tin 2.00 2.04
5 Boron 2.55 2.70 51 | Antimony 1.00 [1.00]
6 Carbon 8.52 8.43 52 | Tellurium 2.24 [2.24]
7 Nitrogen 7.92 7.83 53 lodine 1.51 [1.51]
8 Oxygen 8.83 8.69 54 | Xenon 2.17 2.24
9 Fluorine 4.56 4.56 55 | Caesium 1.13 [1.13]
10 Neon 8.08 7.93 56 Barium 2.13 2.18
11 | Sodium 6.33 6.24 57 | Lanthanum 1.17 1.10
12 Magnesium 7.58 7.60 58 | Cerium 1.58 1.58
13 | Aluminium 6.47 6.45 59 | Praseodymium | 0.71 0.72
14 | Silicon 7.55 7.51 60 | Neodymium 1.5 1.42
15 Phosphorus 5.45 5.41 61 Promethium -10 [-10]
16 | Sulphur 7.33 7.12 62 | Samarium 1.01 0.96
17 | Chlorine 5.50 5.50 63 | Europium 0.51 0.52
18 | Argon 6.40 6.40 64 Gadolinium 1.12 1.07
19 Potassium 5.12 5.03 65 | Terbium 0.35 0.30
20 | Calcium 6.36 6.34 66 | Dysprosium 1.14 1.10
21 | Scandium 3.17 3.15 67 | Holmium 0.26 0.48
22 | Titanium 5.02 4.95 68 | Erbium 0.93 0.92
23 | Vanadium 4.00 3.93 69 | Thulium 0.00 0.10
24 | Chromium 5.67 5.64 70 | Yiterbium 1.08 0.84
25 Manganese 5.39 5.43 71 Lutetium 0.06 0.10
26 | Iron 7.50 7.50 72 | Hafnium 0.88 0.85
27 | Cobalt 492 4.99 73 | Tantalum -0.13 [-0.13]
28 | Nickel 6.25 6.22 74 | Tungsten 1.11 0.85
29 | Copper 4.21 4.19 75 | Rhenium 0.28 [0.28]
30 | Zinc 4.60 4.56 76 | Osmium 1.45 1.40
31 | Gallium 2.88 3.04 77 | Iridium 1.35 1.38
32 | Germanium 3.41 3.65 78 | Platinum 1.80 [1.80]
33 | Arsenic 2.37 [2.37] 79 | Gold 1.01 0.92
34 | Selenium 341 [3.41] 80 | Mercury 1.13 [1.13]
35 Bromine 2.63 [2.63] 81 | Thallium 0.90 0.90
36 | Krypton 3.31 3.25 82 | Lead 1.95 1.75
37 Rubidium 2.60 2.52 83 Bismuth 0.71 [0.71]
38 | Strontium 2.97 2.87 84 | Polonium -10 [-10]
39 | Yitrium 2.24 2.21 85 | Astatine -10 [-10]
40 | Zirconium 2.60 2.58 86 | Radon -10 [-10]
41 Niobium 1.42 1.46 87 Francium -10 [-10]
42 | Molybdenum | 1.92 1.88 88 | Radium -10 [-10]
43 | Technetium -10 [-10] 89 | Actinium -10 [-10]
44 | Ruthenium 1.84 1.75 90 | Thorium 0.09 0.02
45 Rhodium 1.12 0.91 91 Protactinium -10 [-10]
46 | Palladium 1.69 1.57 92 Uranium -0.5 [-0.5]

Table 2.4.1. Metallicty number density values (log (NL/NH)+12 from Grevesse & Sauval
(1998) and Asplund et al. (2009). Values in square brackets are not given in Asplund et al.
(2009), so values from Grevesse & Sauval(1998) are substituted.
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The global metallicity was specified (e.g. -0.5) along with the mass fraction of hydrogen and
helium. For the other elements, the values were given as a number density log. The
abundances are given as log (Nx/Ny) + 12 where Ny is the number density of the element
and Ny is the number density of hydrogen, in the same way as Asplund et al. (2009). For
elements in which the value is unknown or not given, then a number density of -10 was

used.

The input values were then modified to produce a further seven ODFs and Rosseland
opacities with the alpha enhanced mixture (see Table 2.3.3). The values for the alpha

enhanced elements were each increased by 0.4dex.

No. | Element Values forsolar mixture | Valuesforalphaenhanced mixture
8 Oxygen 8.69 9.09
10 | Neon 7.93 8.33
12 | Magnesium | 7.60 8.00
14 | Silicon 7.51 7.91
16 | Sulphur 7.12 7.52
18 | Argon 6.40 6.80
20 | Calcium 6.34 6.74
22 | Titanium 4.95 5.35

Table 2.4.2. Values for alpha enhanced elements (Asplund et al. (2009)) mixture increased
by 0.4.

The model atmospheres produced by the calculations had the following X. Y and Z values

for each global metallicity.

Global X Y z X Y Z(a)
Metallicity

-2.5 0.75146 0.24850 0.00004 0.75141 | 0.28450 | 0.00009
-2.0 0.75136 0.24850 0.00014 0.75123 | 0.24850 | 0.00027
-1.5 0.75107 0.24850 0.00043 0.75064 | 0.24850 | 0.00086
-1.0 0.75014 0.24850 0.00136 0.74879 | 0.24850 | 0.00271
-0.5 0.74722 0.24850 0.00428 0.74299 | 0.24850 | 0.00851
+0.0 0.73812 0.24850 0.01338 0.72525 | 0.24850 | 0.02625
+0.5 0.71075 0.24850 0.04075 0.67431 | 0.24850 | 0.07719
+1.0 0.63615 0.24850 0.11535

Table 2.4.3. X, Y, and Z values for each global metallicity of solar mixture and alpha
enhanced mixture based on the abundances of Asplundet al. (2009).
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2.5 Calculation of the stellar model atmospheres

Using the output files from the previous code, the ODF and Rosseland opacities were used
as the input to create the model atmospheres and synthetic spectra produced using the
SYNTHE code of the ATLAS9 suite. The criteria for the acceptance of an atmospheric model
followed that suggested by Meszaros et al. (2012) in that a model was accepted if it
successfully converged throughout the full 72 layers of the atmosphere, or if four or less
layers did not converge. (As suggested by Alessio Mucciarelli, the presence of less than five
unconverged layers at either of the topmost or bottommost five layers would not resultin
an unacceptable model). A model was rejected if the calculation failed to converge at all,
or if there were five or more unconverged layers in the model. The metallicity of the
calculations in the grid varied from Z/Z, =-2.5 to +1.0 to cover a large range of scaled solar
abundances and chemical compositions, with the acceptable models having effective

temperatures ranging from 3500 to 60000 kelvin, andlogg from 0.0 to 5.0.

To match the grid produced by Castelli and Kurucz (2004) and to give good coverage of the
parameters without creating an excessive number of models, the step size for log (g) was

keptat 0.5 while the temperature of the calculated models was as follows:

3500K —13000K Stepsize: 250K
13000K — 40000K Step size: 1000K
>40000K Step size: 10000K

This gave a total of around 500 models for each of the eight metallicity values. A grid
showing each of the successfully calculated models in presented in table 2.4.1. In some
cases, at the highest and lowest effective temperatures for each value of log g, ATLAS9
failed to produce acceptable models for every one of the metallicity values calculated, and
these are clearly indicated in the table. In particular, the extreme metallicity value of +1.0

failed to produce a number of viable models, especially at temperatures below 4250K.
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Figure 2.5.1. Grid showing the log g and T (K) values of calculated models up to 50000K
(blue circles) with isochrones of stars with [Fe/H]=0.0 at ages of 10°Myr (purple), 10’ Myr
(green), 108Myr (blue), 10°Myr (yellow), 10:°°Myr (red). (Isochrones MIST v. 1.0, MESA
revision, 7503, Dotter, 2016).
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Figure 2.5.2. Grid showing the log g and T (K) values of calculated models up to 50000K
(blue circles) with isochrones of stars with [Fe/H]=-2.0 at ages of 10°Myr (purple), 10’ Myr
(green), 108Myr (blue), 10°Myr (yellow), 10:°°Myr (red). (Isochrones MIST v. 1.0, MESA
revision, 7503, Dotter, 2016).
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Figures 2.5.1 and 2.5.2 above show a plot of the effective temperature values and log g of

each calculated model along with isochrones of various ages of stars to illustrate that the

grid of calculated models gives good coverages of the evolutionary phases of different

masses of stars.

Teff/

logg 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
3500 X abh X abh X abh X ab X ab X ab X ah X ah X gh X fgh X gh
3750 X X? X? X X X X? X? X? X? Xz
4000 X? X Xe Xe X? X? X X X X Xz
4250 X® X X Xs Xs Xs X® X X X X?
4500 X X? X X? X X X X X? X X
4750 X? X? X? X? X X X X X X X
5000 X® Xs Xs X Xs X X? X X X X
5250 X® Xs Xs X X X X X X X X
5500 X? X X? X? X X X X X X X
5750 X X? X X X X X X X? X X
6000 X X Xs X X X X X X X X
6250 X X X Xs X X X X X X X
6500 X X X X X? X X X X X X
6750 Xbefe X X X X X X X X X X
7000 X®f X X X X X X? X X X X
7250 X X X X X X® X? X X X
7500 X? X X X X X X X X X
7750 X X X X X X X X X
8000 X X X X X X X X? X
8250 X X X X X X X X X?
8500 X X X X X X X X X
8750 X X X X X X X X X
9000 X X X X X X? X X X
9250 Xs X X X X X X X X
9500 X X X X X X X X
9750 X X X X X X X X
10000 X X X X X X X X
10250 X X X X X X X X
10500 X X X X X X X X
10750 X? X X X X X X X
11000 Xs X X X X X X X
11250 X X X X X X X X
11500 X2 X X X X X X X
11750 X2 X X X X X X X
12000 X® X X X X X X X
12250 X Xs X X X X X X
12500 X2 X? X X X X X X
12750 X 3bc X X X X X X X
13000 X X X X X X X
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15000 X X X X X X X
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16000 X®
17000

18000

19000

20000

21000

22000

23000

24000 X
25000 X?
26000 X®
27000 X2
28000 X®
29000

30000

31000

32000 X
33000 X X
34000 X® X?
35000 ) X?
36000 X
37000 X?
38000 X®
39000 X® X
40000 X ab X2
50000 X
60000 X®

X X X X X X X
X X X X X X X X

XX X X X X X X X X X X X X X X
XX X X X X X X X X X X X X X X X
XXX XXX X X X XXX X X X X X X X

X X X X
XX XXX XXX XXXXXXXXXXXMXMXXX XX

x

Table 2.5.1 Grid of models for the new scaled solar metallicity. X indicates an acceptable
model atmosphere was created at the given effective temperature and gravity for all global
metallicity values (+1.0 to -2.5) with the following exceptions; no acceptable model
produced for® +1.0, ® +0.5, ¢ +0.0, -0.5,¢-1.0,-1.5,9 -2.0" -2.5.

The process was repeated for the alpha enhanced abundances, and the grid of acceptable
models is shown in table 2.4.2. Attempting to calculate models with an alpha enhanced

global metallicity of +1.0 failed to produce any acceptable models, and hence these are not

includedinthe table.
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60000

X X X X X
X X X X X X X X X X X X
gu'cr

XX X X X X X X X X X X X X X

XXX XXX XX XXX XX X X X X
o T T
x

XX XXX XXX X X X X X X X X X X

x

Table 2.5.2 Grid of models for new alpha enhanced metallicity. X indicates an acceptable
model atmosphere was created at the given effective temperature and gravity for all global

metallicity values (+0.5a to -2.5a) with the following exceptions; no acceptable model
produced for® +0.5¢, < +0.0at, ¢ -0.5¢;, ¢-1.0c, T -1.5¢;, 9 -2.0a " -2. 5.

2.6 Calculation of the synthetic spectra

The calculation of a synthetic spectrum between a minimum and maximum wavelength
requires the corresponding linelist files to be provided. The linelists of atomic and
molecular transitions, (including H2,HD, CH, C2, CN, CO, NH, OH, MgH, SiH,and SiO) were
those of Kurucz (1990) and obtained from the following website

http://wwwuser.oat.ts.astro.it/castelli/sources/dfsynthe.html in the same manner as Kirby

(2011) and Meszaros et al. (2012). Each of these linelist files covers a set range of
wavelengths and contain details of the atomic transitions between those wavelengths
(Sbordone & Bonifacio, 2005). The files themselves contain the details of the element
and/or isotope, the wavelength of the line and the osdillator strength (log gf) which
determines the probability of the emission or absorption in the transition between energy

levels.
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http://wwwuser.oat.ts.astro.it/castelli/sources/dfsynthe.html

The linelist files that cover the atomics and molecularlines over the wavelengths used were

as follows:

gf0300.fc coversthe lines from 2000 to 3000 A

gf0400.fc coversthe lines from 3000 to 4000 A

gf0500.fc coversthe lines from 4000 to 5000 A

gf0600.fc covers the lines from 5000 to 6000 A

gf0800.fc coversthe lines from 6000 to 8000 A

gf1200.fc coversthe lines from 8000 to 12000 A

gf3000.am coveredthe lines from 12000 to 30000 A

The Autokur programme that creates the synthetic spectra required a number of input
parameters; the effective temperature, the surface gravity and an input model atmosphere
as an initial estimate (produced by the ODF). The MOLECULES option includes the above
molecular transitions within the calculated spectra, and the TIO option includes the
transitions of Titanium Oxide. Including Titanium Oxide within the calculations significantly
increased the runtime of the calculation so was only induded in cool stars (T <4500K). To
make direct comparisons and maintain consistency with the spectra and models produced

by Castelli and Kurucz, the convective overshoot option was switched off and rotation was

setto zero.
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Chapter 3

Comparisons of old and new synthetic
spectra

3.1 Introduction

Castelli and Kurucz (2004) produced a set of synthetic spectra and model atmospheres
based upon the then new Grevesse and Sauval (1998) abundances along with new line lists
for H,O0 and TiO and compared them to the earlier Anders and Grevesse (1989)
abundances. They reported that their newer models only produced significant differences
in the energy distributions in the spectra of stars with temperatures below 4500K, and
Castelli and Kurucz (2004) indicated that the primary source of the changes in the models is
due to the addition of the new line lists, rather than the differences in solar abundances.
For this current study, the ODFs and model atmospheres created with the old (Grevesse &
Sauval, 1998) and new (Asplund et al.,, 2009) abundances were used to create synthetic
spectra for simulated stars of various metallicities, effective temperatures and gravities
between 2000 and 30000 Angstroms. The new abundances of Asplund et al. (2009) have
somewhat less carbon (log (Nx/Ny) + 12 = 8.56 compared to 8.43), nitrogen (7.92 to 7.83)
and oxygen (8.83 to 8.69) compared to the older abundances (see table 2.3.1 previously),
which may alter the relative strength of some of the indicative spectral lines. In addition,
there are reductions in other significant elements such as sodium (6.33 to 6.24), caldum
(6.36 to 6.34) and titanium (5.02 to 4.95). Very few elements have a greater abundance in
the new model, the most significant of which is the small increase in magnesium (7.58 to

7.60).

The line lists are identical in the old and new ODFs used in this model, the only variation

was in the abundances, so any differences were likely to be smaller than those identified in

27



the earlier study, and the synthetic spectra produced by using the Asplund et al. (2009)
abundances are very similar to those created with the Grevesse and Sauval (1998)

abundances, with the greatest difference beinginthe coolerstars below 4500K.

3.2 Comparison of Synthetic Spectra at solar metallicity

A sample of the produced synthetic spectra at various effective temperatures, gravities and
metallicities are given in the following sections, and differences in particular spectral lines
identified from the literature (Allard et al., 2010, Kramida et al., 2018) are highlighted. At
temperatures above 6000K, the new and old model spectra are almost identical, regardless
of the values of the gravity (figures 3.2.1 to 3.2.7) although though there are some

discrepanciesidentified below.
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[Fe/H] = 0.0, T = 40000 K, log g = 4.0
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new mix
oldmix
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Figure 3.2.1. A. Comparison of fluxes from the old ODF (blue) and the new ODF model (red)
with parameters T.=40000 K, logg=4.0, [Fe/H]=0.0. B. Difference between the fluxes
(oldmix - newmix) / oldmix.

For hot main sequence stars with an effective temperature of 40,000 K, the spectra
produced by the old and the new models are almost identical (figure 3.2.1.A), with the two
lines being almost indistinguishable. The comparison of the ratios between the fluxes
shows that the total flux of the new mixture is very slightly lower (within 0.5%) at

wavelengths shorterthan 5000 A with the exception of asingle He line at 2495 A.
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Figure 3.2.2. A. Comparison of fluxes from the old ODF (blue) and the new ODF model (red)
with parameters T.=20000 K, logg=4.5, [Fe/H]=0.0. B. Difference between the fluxes
(oldmix - newmix) / oldmix.

The spectra produced for B type main sequence stars with an effective temperature of
20,000 K by the new mixture have a lower flux (up to 1.5%) in wavelengths shorter than
5000 A, and a slightly lower flux (around 0.3%) at longer wavelengths compared to that

produced by the old mixture (figure 3.2.2).
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Figure 3.2.3. A. Comparison of fluxes from the old ODF (blue) and the new ODF model (red)
with parameters T.=20000 K, logg=3.0, [Fe/H]=0.0. B. Difference between the fluxes
(oldmix - newmix) / oldmix.

With decreasing gravity, the difference between the flux of the spectra produced by the old
and the new models for stars with an effective temperature of 20000K decreases. The
comparison of the ratios between the old and new model fluxes for blue giant stars shows
that the total flux of the new mixture is very slightly lower (within 0.5%) at wavelengths
shorter than 5000 A with the exception of a two He lines below 2500 A, where the depth of

thelinesis 1-2% higher (figure 3.2.3).
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Figure 3.2.4. A. Comparison of fluxes from the old ODF (blue) and the new ODF model (red)
with parameters T.=10000 K, logg=4.5, [Fe/H]=0.0. B. Difference between the fluxes
(oldmix - newmix) / oldmix.

The synthetic spectra for A type main sequence stars produced by the old and new models
are almost identical with only a small differences in the total flux at wavelengths less than
3000 A. Magnesium is one of the few elements that has a higher abundance in the new
mixture, and this can explain the differences in the flux at around 2800 and 4480 A due to

the Mg Il absorption lines (figure 3.2.4).
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Figure 3.2.5. A. Comparison of fluxes from the old ODF (blue) and the new ODF model (red)
with parameters T.=10000 K, logg=3.0, [Fe/H]=0.0. B. Difference between the fluxes
(oldmix - newmix) / oldmix.

With decreasing gravity there is little change in the differences between the spectra
produced by the old and new models for A type stars (unlike the synthetic spectra for B
type stars - figures 3.2.2 and 3.2.3). The differences in fluxes are very similar to the log g 4.5

model (figure 3.2.4).

33



[Fe/H] = 0.0, T=8000 K, logg=1.0
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Figure 3.2.6. A. Comparison of fluxes from the old ODF (blue) and the new ODF model (red)
with parameters T4=8000 K, logg=1.0, [Fe/H]=0.0. B. Difference between the fluxes (oldmix

- newmix) / oldmix.

The main differences between the spectra produced by the old and the new mixtures for
stars with an effective temperature of 8000K is in the region below 5000 A (figure 3.2.6).
The higher magnesium and lower calcium abundance in the new model can be the cause of

the differencesinthe linesat 2800 A and 3933 Arespectively.
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Figure 3.2.7. A. Comparison of fluxes from the old ODF (blue) and the new ODF model (red)
with parameters T;=6000 K, logg=4.5, [Fe/H]=0.0. B. Difference between the fluxes (oldmix
- newmix) / oldmix.

At 6000K, while there are differences of up to 5% in the flux below 5000 A, there is much
less flux in this region of the spectra for G-type main sequence stars compared to the
hotter stars shown earlier, and at wavelengths above 5000 A the spectra produced by the

oldand the new models are almostidentical (figure3.2.7).
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Figure 3.2.8. A. Comparison of fluxes from the old ODF (blue) and the new ODF model (red)
with parameters T+=4500 K, logg=>5.0, [Fe/H]=0.0. B. Difference between the fluxes (oldmix
- newmix) / oldmix.

At 4500K, while there are differences of up to 30% in the flux below 5000 A, there is much
less flux in this region of the spectra compared to the hotter stars shown earlier, and at
wavelengths above 5000 A the spectra produced by the old and the new models are almost
identical (figure 3.2.8). The depth of the sodium lines at 5900 A and 8200 A are between 2
and 10% greater, and the CN and CO molecular lines indicated also begin to show a greater

depth.
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Figure 3.2.9. A. Comparison of fluxes from the old ODF (blue) and the new ODF model (red)
with parameters T;=4000 K, logg=4.5, [Fe/H]=0.0. B. Difference between the fluxes (oldmix
- newmix) / oldmix.

For red main sequence stars at a temperature of 4000K the spectra between 5000 and
9000 A becomes dominated by the TiO spectral lines (figure 3.2.9). The old ODF has higher
abundances of both Ti and O and these lines being 10-15% deeper. The overall flux for the
spectra produced by the new ODF abundances is around 1% less than that produced by the

old abundances.
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[Fe/H] = 0.0, T=4000K, log g = 3.0
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Figure 3.2.10. A. Comparison of fluxes from the old ODF (blue) and the new ODF model (red)
with parameters T#=4000 K, logg=3.0, [Fe/H]=0.0. B. Difference between the fluxes (oldmix
- newmix) /oldmix.

With decreasing gravity the differences in the old and new model spectra for cool red stars
between 5000 and 9000 A become less as the depth of the TiO spectral lines become more
similar; 10% for log g 4.5, 5% for log g 3.0 and 2% for log g 1.0 (compare figures 3.2.9,
3.2.10 and 3.2.11). The differences at longer wavelengths seem to remain fairly constant
with decreasing gravity; the CN lines at 1460 A and the CO lines at 1560 A and 25000 A are

slightly deeper(1to2%) inthe spectraproduced by the old ODF abundances.
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Figure 3.2.11. A. Comparison of fluxes from the old ODF (blue) and the new ODF model (red)
with parameters T.;=4000 K, logg=1.0, [Fe/H]=0.0. B. Difference between the fluxes (oldmix
- newmix) / oldmix.
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Figure 3.2.12. A. Comparison of fluxes from the old ODF (blue) and the new ODF model (red)
with parameters T.=3500 K, logg=4.5, [Fe/H]=0.0. B. Dfference between the fluxes (oldmix
- newmix) /oldmix.

At temperatures of 3500 K; the lowest that can be produced by the ATLAS 9 programme,
the overall shape of the energy distribution remains the same between the old and the
new models, but there is considerable variation in the amount of flux in the synthetic
spectra. This varies by wavelength (see figure 3.2.12) and it is worth examining the

differentregions of the spectramore closely.
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Figure 3.2.13. Same as figure 3.2.12, but for the smaller wavelength region (3000-4000 A)
plotted on a larger scale. A. Comparison of fluxes from the old ODF (blue) and the new ODF
model (red) with parameters T.=3500 K, logg=4.5, [Fe/H]=0.0. B. Difference between the
fluxes (oldmix - newmix) / oldmix.

Between 3000 and 4000 A, the flux produced by the old mixture is about 25% greater
(figure 3.2.13) and differences in some lines, such as the Ca line at 3933 A are evident, with

the majority of the linesinthe old mixture being up to 20% deeper.
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[Fe/H] = 0.0, T=3500 K, log g = 45
1.8x10°8

newmix
oldmix

1.6x10°¢ |-

1.4x10°8 -

= =

1.2x10°¢ |- -

%108 ‘ -

e107 | j | i i
I

Ex10°7 - ‘ -

Fy (ergcm 2st Hz 1 ster )
-,

ax107 - W i -

e d If!

2107 | ¥ f .
Ol

T T
(oldmix-newmix)/aldmix

12 | | | |
4000 5000 6000 7000 8000 9000

A (Angstrom)

Figure 3.2.14. Same as figure 3.2.12, but for the smaller wavelength region (4000-9000 A)
plotted on a larger scale. A. Comparison of fluxes from the old ODF (blue) and the new ODF
model (red) with parameters T.=3500 K, logg=4.5, [Fe/H]=0.0. B. Difference between the
fluxes (oldmix - newmix) / oldmix.

Between 4000 and 9000 A, the flux produced by the old mixture is about 10% greater
(figure 3.2.14) and differences in some lines, such as the titanium oxide, oxygen and
sodium lines can be seen, with again the majority of the lines in the spectrum produced by

the old mixture being up to 20% deeper.
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3.3 Comparison of Synthetic Spectra at other metallicities

The previous spectra have all been calculated using a scaled solar metallicity with [Fe/H] =
0.0. A grid of model atmospheres and synthetic spectra have also been calculated for
metallicities of [Fe/H] of 1.0, 0.5, -0.5, -1.0, -1.5, -2.0 and -2.5, and for alpha enhanced
metallicities (+0.4 dex) of [Fe/H] of 0.5, 0.0, -0.5, -1.0, -1.5, -2.0 and -2.5. A selection of
these synthetic spectra is shown below, highlighting any differences between those

produced by the old and new abundance mixtures.
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Figure 3.3.1. A. Comparison of fluxes from the old alpha enhanced (+0.4 dex) ODF (blue) and
the new alpha enhanced (+0.4 dex) ODF model (red) with parameters T.;=4500 K, logg=5.0,
[Fe/H]=0.0. B. Difference between the fluxes (oldmix alpha —newmix alpha)/oldmix alpha.
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Comparisons between the synthetic spectra produced by the alpha enhanced ODFs made
with the old and new abundance mixtures follow the same pattern and show almost
identical variations as between the scaled solar ODFs (compare figure 3.3.1 above with
figure 3.2.8 in the previous section). This is true regardless of the effective temperature,

global metallicity and gravity used in producing the models.
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Figure 3.3.2. A. Comparison of fluxes from the old ODF (blue) and the new ODF model (red)
with parameters T=5500 K, logg=4.5, [Fe/H]=-1.0. B. Difference between the fluxes
(oldmix - newmix) / oldmix.
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Figure 3.3.3. A. Comparison of fluxes from the old ODF (blue) and the new ODF model (red)
with parameters T=5750 K, logg=4.5, [Fe/H]=-2.5. B. Difference between the fluxes
(oldmix - newmix) / oldmix.

Comparing the spectra at lower metallicities than [Fe/H] = 0 (figures 3.3.2 and 3.3.3) show
similar pattems to those at higher metallicities — the fluxes in the spectra produced by the
old and new ODF models are within 1% of each other for the majority of the spectrum,
especially at wavelengths greater than 5000 A; and the overall difference in the flux

decreases with decreasing metallicity.
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Figure 3.3.4. A. Comparison of fluxes from the old ODF (blue) and the new ODF model (red)
with parameters T=8000 K, logg=2.5, [Fe/H]=-2.5. B. Difference between the fluxes
(oldmix - newmix) / oldmix.

One of the key changes between the spectra produced by the older Anders and Grevesse
(1989) abundances to the newer Grevesse and Sauval (1998) values reported by Castelli
and Kurucz (2004) was in the 1200-2000 A part of the spectrum for low metallicity stars. As
this was primarily due to the inclusion of H I-H | molecular absorption lines, rather than the
change in the chemical abundance, a similar change was not expected when the
abundances were replaced with those from Asplund et al. (2009). This is shown in figure
3.3.4 where the flux in the 1500-1600 A region is within 1% of the old ODF model.
However, there are some differences that are solely due to the changes in abundances,
most significantly it can be seen that the depth of the carbon line at 1657 A is 4.5% greater

inthe old model spectracomparedto the new one.
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Chapter 4

Comparisons of bolometric corrections and
colours.

4.1 Photometric Systems, Bolometric Corrections and Colour Transformations

The magnitudes and colours of star systems such as globular and open clusters can be
analysed by producing integrated CM diagrams that can then be used to derive the ages
and metallicities of the stars that comprise the system. Likewise, these integrated colour
magnitude diagrams can also be made for galaxies and can then be used to study the

proportion and type of the constituent stars.

In order for these studies to be made, it is necessary to calibrate these measurements onto
a standard scale of flux, normalised to a star of constant brightness (Bessell, 2005). There
have been many photometric systems created by different astronomers using different
passbands, instrumentation and detectors which enable the measurement of absolute
fluxes of stars. The different systems can be more appropriate for different types of stars,
as they are designed to be sensitive to a particular indicator such as temperature, gravity or
a particular metal abundance indicator (Casagrande & VandenBerg, 2014). The photometric
filter system will be designed to select a region within the stellar spectra that highlights the
variation in a particular characteristic trait which will then allow the properties of the
observed star to be derived, induding effective temperature, gravity and metallicity. Filter
systems that cover a large wavelength range of the spectra give broad-band colours, which
are mainly dependent on the temperature of a star, while intermediate or narrow-band
filters can be focussed on spedfic spectral features that can be dependent on other

parameters.

The absolute magnitude of a star over all wavelengths of light emitted by that star is known

as the bolometric magnitude. However, most detectors only measure the flux of a star

47



within the wavelength band of a given filter, and to convert from the observed magnitude

withinthis filter to the overall magnitude of the starrequiresabolometriccorrection.

The absolute bolometricmagnitude of a star M, can be stated as:

L
Mpor = Mpoio — 2.5l0g <E) = Mpo10 — 2.510g(4TR? Fy;/Lo)

Where Myyo is the bolometric magnitude of the Sun (the value of 4.74 was used in these
calculations), and the bolometric flux of a star is equal to the sum of its flux at all

wavelengths:

Fbol = f Fldl
0

The bolometric correction for a given wavelength band is dependent on the stellar energy
distribution (calculated from the synthetic spectra based upon the effective temperature,
surface gravity and chemical composition), the solar luminosity and bolometric magnitude,

alongwith the spectral energy distribution and magnitude of areference star.

The Johnson-Cousins-Bessell system has fluxes nomalised to the flux of Vega, and this
system produces tables of intrinsic colours for various types of stars, along with
temperature-colour calibrations and bolometric corrections for stars of different colours
(Bessell, 2005). This is a broad-band system with filters that are 800 to 1000 Angstroms
wide. The Stromgren uvby system consists of intermediate band filters that had been
devised to accurately measure the temperature and gravities of early-type stars (Bessell,
2005). Figure 4.0.1 shows the wavelength ranges covered by the filters in the Johnson-

Cousins-Besselland Stromgren systems used in this study.
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Figure 4.0.1. Response functions S(/) for filters of various photometric systems. The top
panel shows Johnson-Cousins-Bessell filters U,B,V,l,J and K. The bottom panel shows
Strémgren filters u, v, b andy, along with the HST/WFPC2f300w filter.

The bolometric flux at the surface of a star is related to the effective temperature by the

followingrelation

ac

Fbolzfo FdA = ZTe‘;f

The bolometric correction for a particular wavelength band A can be calculated from the
spectral energy distribution produced by the synthetic spectrum using the following

equation (Girardi et al., 2002) dependent on the effective temperature, flux at the stellar

49



surface (F,), solar luminosity (Lp)and the flux (f,lo) and apparent magnitude (mg) of the

reference starinthat wavelength band.

4 A2
—aCTeff + 2.5log M 252 dA - m?
. A

BCy = Mpo 0 —2.5log  |4m(10 pc)? T
4Lo S35 f Sada

The Johnson system uses the spectra of Vega as a reference system, and assumes that the
apparent magnitude of Vegain the V band is equal to zero, and all the colour indicies are

alsoequal to zero (Salaris & Cassisi, 2005).

4.1.1 Comparisons between the bolometric corrections for the Sun

A synthetic spectrum of a star with Solar values of effective temperature, metallicity and
gravity was created with the ATLAS9 programme using the Asplund et al. (2009) chemical

abundance values.

Bolometric corrections and colours were calculated in two widely used photometric
systems (Johnson-Cousins-Bessell and Stromgren) from the synthetic spectra produced
with the new (Asplund et al, 2009) abundances, using and the reference spectra for Vega
produced by Castelli and Kurucz (1993). The bolometric corrections and colours from a
synthetic spectrum of a similar star with values produced using the older Grevesse and
Sauval (1998) mixture was also created and the two sets of results are shown below in

Table 4.1.1 and 4.1.2.

new old new old new old new old new old new old
U-B U-B B-V B-V V-l V-1 V-K V-K J-K J-K BCV BCV

Solar | 0.081 0.089 | 0.621 0.629 | 0.699 0.696 | 1.510 1.504 | 0.380 0.378 | 0.002 0.008

Table 4.1.1 Comparisons Johnson-Cousins-Bessell colour relations and bolometric
corrections in V of a synthetic Solar star created using the new (Asplund et al., 2009) and
old (Grevesse & Sauval, 1998) chemical abundances (T5777K, [Fe/H]=0and log g 4.4).
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new u-b old u-b new u-v old u-v new b-y old b-y newy oldy

Solar 0.069 0.080 -0.410 -0.408 0.377 0.379 0.009 0.015

Table 4.1.2 Comparisons of Strémgren colour relations and bolometric corrections in y of a
synthetic Solar star created using the new (Asplund et al., 2009) and old (Grevesse & Sauval,
1998) chemical abundances (T;5777K, [Fe/H]=0and log g 4.4).

In addition, the bolometric correction was also calculated for the HST/WFPCS2 f300w UV

filter, givingavalue of -1.030 for the new model compared to-1.039 for the old model.

4.2.1 Comparisons between the new and old mixtures for main sequence stars

For each synthetic spectrum created by the ATLAS 9 programme using the Asplund et al.
(2009) chemical abundances, bolometric corrections and colours were calculated in the
Johnson-Cousins-Bessell and Strémgren photometric systems. This was also carried out for
synthetic spectra produced using the older Grevesse and Sauval (1998) mixture and the

two sets of results are shown below.

Table 4.2.1 and Figure 4.2.1 shows the colour values at different temperatures in
passbands in the Johnson-Cousins-Bessell system and Table 4.2.2 and Figure 4.2.2 for
passbands in the Strémgren system for synthetic spectra of stars of [Fe/H] = 0 and log g of
4.5. As expected from the similarities in the spectra discussed in the previous chapter,
there is very little difference in the T.-colour relations of the spectra created by the old

and the new abundances.
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Teff( K)

3500
3750
4000
4250
4500
4750
5000
5250
5500
5750
6000
6500
7000
8000
9000
10000
11000
12000
20000

new
U-B

0.972
1.053
1.069
0.983
0.818
0.639
0.471
0.318
0.189
0.087
0.015
-0.056
-0.052
0.027
0.043
-0.056
-0.178
-0.300
-0.798

old
U-B

0.851
0.968
1.039
0.990
0.828
0.645
0.475
0.321
0.189
0.087
0.012
-0.053
-0.056
0.025
0.043
-0.057
-0.178
-0.301
-0.800

new
B-V

1.342
1.364
1.321
1.213
1.081
0.964
0.871
0.787
0.706
0.630
0.561
0.445
0.351
0.211
0.086
0.009
-0.040
-0.070
-0.181

old
B-V

1.208
1.260
1.269
1.202
1.081
0.965
0.873
0.790
0.710
0.634
0.565
0.447
0.351
0.211
0.085
0.009
-0.040
-0.070
-0.182

new
V-

2.293
1.927
1.646
1.412
1.221
1.073
0.953
0.856
0.777
0.707
0.644
0.528
0.420
0.210
0.050
-0.027
-0.067
-0.090
-0.209

old
V-l

2.309
1.976
1.669
1.423
1.217
1.069
0.946
0.849
0.771
0.702
0.640
0.528
0.419
0.210
0.050
-0.027
-0.068
-0.092
-0.210

new
V-K

4.530
3.951
3.524
3.134
2.753
2.426
2.147
1.910
1.708
1.530
1.369
1.085
0.834
0.396
0.092
-0.075
-0.185
-0.267
-0.630

old
V-K

4.520
4.011
3.553
3.151
2.751
2.419
2.136
1.898
1.697
1.521
1.362
1.083
0.831
0.396
0.091
-0.076
-0.186
-0.268
-0.632

new
J-K

0.983
0.938
0.903
0.838
0.744
0.651
0.570
0.499
0.439
0.386
0.338
0.257
0.189
0.082
0.020
-0.015
-0.042
-0.062
-0.149

old
J-K

0.956
0.928
0.897
0.837
0.744
0.648
0.566
0.496
0.436
0.383
0.337
0.256
0.188
0.082
0.020
-0.015
-0.042
-0.062
-0.148

new
BCV

-1.712
-1.284
-0.974
-0.715
-0.491
-0.324
-0.198
-0.107
-0.045
-0.003
0.026
0.058
0.071
0.073
-0.012
-0.197
-0.403
-0.602
-1.901

old
BCV

-1.627
-1.292
-0.984
-0.732
-0.489
-0.317
-0.187
-0.095
-0.034
0.006
0.033
0.060
0.074
0.074
-0.011
-0.195
-0.401
-0.600
-1.895

Table 4.2.1 Comparisons of Ty and Johnson-Cousins-Bessell colour relations of sample
synthetic spectra for main sequence stars created by the new (Asplund et al., 2009) and old
(Grevesse & Sauval, 1998) abundances using [Fe/H]=0and log g 4.5.

The Johnson colour relations (figure 4.2.1) for the two sets of data for main sequence stars

are very similar in the U-B above 5250K, and significant differences only really appear at

temperatures below 4250K, with the new models being increasingly redder than the old

models with decreasing temperature (Table 4.2.1 and Figure 4.2.1). Similar effects are seen

in the B-V and J-K colours, but to a much lesser extent in the V-l and V-K colours and the

bolometriccorrectioninV.
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Figure 4.2.1 Tcolour relations for logg=4.5 and [Fe/H]=0.0 showing old-ODF models (blue)
and new-ODF models (red) for five Johnson-Cousins-Bessell colour indices (A: U-B, B: B-V, C:
V-1, D: V-K, E: J-K) and F: the bolometric correctionin V.
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Teff( K)

3500
3750
4000
4250
4500
4750
5000
5250
5500
5750
6000
6500
7000
8000
9000
10000
11000
12000
20000

Table 4.2.2 Comparisons of Tz and Strémgren colour relations of sample spectra for main
sequence stars created by the new (Asplund et al., 2009) and old (Grevesse and Sauval,

new u-
b

1.328
1.476
1.493
1.341
1.080
0.807
0.569
0.366
0.201
0.074
-0.016
-0.104
-0.099
0.010
0.014
-0.139
-0.323
-0.508
-1.239

old u-b

1.144
1.344
1.451
1.363
1.106
0.825
0.580
0.372
0.203
0.073
-0.019
-0.100
-0.105
0.006
0.014
-0.141
-0.323
-0.509
-1.241

new u-

0.515
0.433
0.326
0.167
0.015
-0.114
-0.226
-0.314
-0.376
-0.416
-0.436
-0.422
-0.351
-0.163
-0.081
-0.165
-0.303
-0.461
-1.103

old u-v

0.501
0.446
0.354
0.205
0.034
-0.105
-0.224
-0.318
-0.382
-0.423
-0.442
-0.421
-0.355
-0.166
-0.081
-0.167
-0.304
-0.462
-1.105

1998) abundances using [Fe/H]=0and log g 4.5.

The Stromgren colour relations (figure 4.2.2) for the two sets of data for main sequence
stars show a similar pattem; there are only significant differences at temperatures below
4250K, with the new models being redder than the old models in u-b and b-y. At
temperatures above 4500K, and in u-v at all temperatures, the two models give almost
identical results, and there is no difference in the bolometric correction for the y band
(figure 4.2.2D). Similarly, the bolometric correction for the f300w UV filter (figure 4.2.3A)

for main sequence stars is almost identical at temperatures above 4000K, with the new

new b-
y

1.052
0.959
0.853
0.730
0.629
0.556
0.501
0.456
0.416
0.381
0.347
0.285
0.227
0.121
0.027
-0.010
-0.030
-0.043
-0.098

old b-y

0.997
0.917
0.828
0.726
0.626
0.554
0.499
0.455
0.416
0.380
0.347
0.286
0.227
0.121
0.027
-0.010
-0.030
-0.043
-0.099

newy

-1.659
-1.242
-0.930
-0.663
-0.442
-0.288
-0.175
-0.093
-0.036
0.005
0.032
0.063
0.076
0.078
-0.010
-0.196
-0.403
-0.603
-1.905

models beingslightly redderthan the old models at temperatures belowthis.
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oldy

-1.555
-1.235
-0.933
-0.678
-0.440
-0.280
-0.165
-0.082
-0.025
0.013
0.039
0.066
0.079
0.079
-0.008
-0.194
-0.401
-0.601
-1.899




15 T I T T 06 I T T T
[FeiH] = 0.0, logg=4.5 04 [Fe/H] = 0.0,logg =45
1 -
02
05 0L
! 02 !
a g | newmix i > newmix
B oldmix o4 oldmix

-05 — 06

,08 —
,1 —
A 1 B -
15 | | | | | | | | 12 | | | | | | | |
20000 18000 16000 14000 12000 10000 8000 6000 4000 20000 18000 16000 14000 12000 10000 8000 6000 4000
Ten () T et (K)
12 T T T T 0.2 T T T T
[Fe/H] = 0.0, logg=4.5 o L [FeM]=0.0logg=45 _
1
_02 = —
08 | 0.4 - -
06 _
06 —
- NEew mix & 08 = hewmix
o oldmix m . L oldmix

1.2

1 -1.4

16
18 D
02 ! ! ! ! ! ! ! ! 2 ! ! ! ! ! ! ! !
20000 18000 16000 14000 12000 10000 8000 6000 4000 20000 18000 16000 14000 12000 10000 8000 6000 4000
Ten (K) Tert (K)

Figure 4.2.2 Tcolour relations for log g=4.5 and [Fe/H]=0.0 showing old-ODF models
(blue) and new-ODF models (red) for three Stromgren colour indices (A: u-b, B: u-vand C: b-
y)and D: the bolometric correction in y.
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Figure 4.2.3 Tcolour relations for [Fe/H]=0.0 showing old-ODF models (blue) and new-
ODF models (red) forthe bolometric correction in the f300w filter for A: stars of log g 4.5
and B: starsof log g 1.5.
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4.2.2 Comparisons between the new and old mixtures for giant stars

Figure 4.2.4 shows the colour values at different temperatures in passbands in the
Johnson-Cousins-Bessell system and Figure 4.2.5 for passbands in the Stromgren system for

syntheticspectraof stars of [Fe/H] =0 and log g of 1.5.

The Johnson colour relations (figure 4.2.4) for the two sets of data for giant stars are very
similar in general, but there are a few key differences. In U-B above 7000K there is no
difference, but below 6500K the new models are slightly bluer, giving a discrepancy of
around 50K. At temperatures below 4250K however, this reverses with the new models
being slightly redder. This is also true in the B-V index, although to a lesser extent. In the J-
K colour, there is little difference between the models above 4000K, and at temperatures
below this the new models are redder. There are no differences in the V-1 and V-K colours

and the bolometriccorrectioninV.
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Figure 4.2.4 T colour relations for logg=1.5 and [Fe/H]=0.0showing old-ODF models (blue)
and new-ODF models (red) for five Johnson-Cousins-Bessell colour indices (A: U-B, B: B-V, C:
V-1, D: V-K, E: J-K) and F: the bolometric correctionin V.
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Figure 4.2.5 T colour relations for logg=1.5 and [Fe/H]=0.0 showing old-ODF models
(blue) and new-ODF models (red) for three Strémgren colour indices (A: u-b, B: u-vand C: b-
y)and D: the bolometric correctionin y.

The Stromgren colour relations for giant stars (figure 4.2.5) show a similar pattern to the
Johnson colour relations, with the new model producing u-b colours that are redder below
4250K, and bluer between 4250K and 6000K. The u-v colours show the opposite effect, the
new model producing redder colours between 4750K and 6000K, and bluer colours below
this temperature range. There is no difference in the b-y colour or the bolometric

correctionsiny or for the f300w UV filter (figure 4.2.3B).
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4.3 Comparisons with empirical data

Worthey and Lee (2011) produced a collection of empirically derived data that was used to
create colour-colour relations from Johnson/Cousins photometry, producing a table of
colours and the V-band bolometric correction as a function of T, [Fe/H] and log g.
Worthey and Lee used this empirical data to produce an interpolation programme that can
provide the values for colours for any input based on the empirically derived data (Worthey
& Lee, 2011). This programme was used to create colour and bolometric corrections
matching the parameters used to create the synthetic spectra with the Asplund et al.
(2009) abundances. Figures 4.3.1to 4.3.12 show the effective temperature colour relations
for the scaled solar and alpha enhanced models at [Fe/H] =0, -1 and -2 for four different
gravities (log g 4.5, 3.0, 1.5 and 0.0), showing the calculated theoretical colour-temperature
relations for U-B, B-V, V-1, V-K and J-K, along with the colour-bolometric correction for V,
hereafter referred to as the ‘computed’ values and shown in blue for the scaled solar
spectra and green for the alpha enhanced. These are compared with the empirical data
obtained from the interpolation programme provided by Worthey and Lee (2011),
hereafter referred to as the ‘empirical’ data and plotted with purple circles in the figures

that follow.

4.3.1 Tess U-B relations

Figures 4.3.1A — 4.3.4A shows the plots of U-B against T for [Fe/H] = O for four different
log g values. For log g 4.5 stars of T above 8000K, the computed values agree with the
empirical data within the error limits, but between 4750K and 8000K the computed values
are redder than the empirical data, with a discrepancy of around 300K. Below 4750K the
computed and empirical values diverge more, with a constant difference of 0.3 in U-B. With
decreasing gravity, the computed values of U-B deviate from the empirical ones further. At
log g of 3.0, the computed and empirical values agree within the error limits at 5250K to

6000K, but for hotter stars the computed values are bluer, and for cooler stars they are
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redder. The computed values begin to show better agreement at temperatures above
10,000K, although this is outside of the parameters calculated for the lowest gravities. The
computed values for log g 0.0 show the most deviation at 6000K, with a difference of up to

0.5 inthe U-B values.

At a constant log g of 4.5, the computed values become more accurate at lower
metallicities, (compare figures 4.3.1A, 4.3.5A and 4.3.9A), being within the error limits of
the empirical data at temperatures above 4500K, and with only a discrepancy of around
200K at temperatures below this. However, figure 4.3.5A and 4.3.9A do show two other
differences between the empirical and computed data. The computed relation for U-B at
[Fe/H] =-1 and -2 does not show the same turn off at 3500K that the empirical data (and
the computed data for [Fe/H] = 0) does, and the computed U-B value for stars at 9000K is

significantly redderthan the empirically derived value, and outside the uncertainty range.

At lower values of log g (3.0, 1.5 and 0.0) the divergence between the computed and
empirical values does not change with decreasing metallicity; the values agree within the
error limits at around 5250K, but for hotter stars the computed values are bluer, and for
cooler stars they are redder (figures 4.3.2A, 4.3.3A, 4.3.4A, 4.3.6A, 4.3.7A, 4.3.8A, 4.3.10A,

4.3.11A, 4.3.12A).

4.3.2 Te B-V relations

Figures 4.3.1B — 4.3.4B shows the plots of B-V against T for [Fe/H] = 0 for four different
log g values. At a log g of 4.5 between 6000K and 7000K the computed values are within
the error margins of the empirical values, and below this temperature range there is a
discrepancy of around 200K, with the empirical values being hotter. At temperatures above
7000K, the empirical values become cooler than the calculated ones, by up to around

1000K (figure 4.3.1B).
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Unlike for the U-B relations, there is no pattern between the discrepancies at different
gravities for [Fe/H] = 0. At a log g of 3.0, the empirical values give a consistently redder
colour in B-V than the computed ones, except at between 6000K and 800K where the
computed values are within the error bars (figure 4.3.2B). At a log g of 1.5, the empirical
data and computed values show good agreement (figure 4.3.3C), but this does not continue
at log g of 0.0, where the empirical values are consistently around 250K cooler. There is no
change in the B-V relation for log g 4.5 (figures 4.3.5B and 4.3.9B) or log g 3.0 (figures
4.3.6B and 4.3.10B) with decreasing metallicity, although the discrepancy becomes less for
the very coolest stars (<4000K) at the lowest metallicity. This is also true at log g 1.5 (figure

4.3.7B and 4.3.11B) butnot at log g 0.0 (figure 4.3.8Band 4.3.12B).

4.3.3 Tets V-1 relations

Figures 4.3.1C — 4.3.4C show the plots of V-1 against T for [Fe/H] = 0 for four different log
g values. At a log g of 4.5 the computed values are within the error margins of the empirical
values, and the computed and empirical values are in better agreement than either the U-B
or B-V values. The only discrepancy occurs in stars above 12000K where the empirical
values for V-l are around 0.1 bluer. The fit is equally good for log g of 3.0 (figure 4.3.2C) and
log g of 1.5 (figure 4.3.3C), although at alog g of 0.0 (figure 4.3.4C) at temperatures above
5500K, the computed values are around 250K cooler than the empirical data. There is no
change with decreasing gravity in the difference between the empirical and computed
values for each log g value for the V-I; and the values remain in good agreement (figures
4.3.5C — 4.3.12C) except for the very coolest stars (3500K) where the empirical values have

a V-lvalue around 0.3 greater.

4.3.4 T V-K relations

Figures 4.3.1D — 4.3.4D show the plots of V-K against T for [Fe/H] = 0 for four different log
g values. In general, at a log g of 4.5 the synthetic colours are in good agreement with the
empirically derived data, especially within the 4500K to 9000K range. This is to be expected
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as the V-K colour is very insensitive to the metal abundance (Worthey & Lee, 2011).
However, there are some small differences between the computed and derived values.
Below 4500K the computed values are around 100K hotter than the corresponding
empirical value at the same V-K. Above this range, however, the computed values give a
cooler value than the empirical data, by up to 1000K. At the very hottest star plotted
(20000K), however, the computed and empirical data are in good agreement (figure

4.3.1D).

There is no change in the V-K comparison between the computed and empirical data at log
g 3.0 (figure 4.3.2D) and log g 1.5 (figure 4.3.3D) but at the lowest gravity log g 0.0 (figure
4.3.4D) there is only good agreement at 3750K; in all other cases the effective
temperatures given by the computed data are about 150K cooler. The behaviour of the V-K
relation does not change with decreasing metallicity for gravities of log g 4.5, 3.0 or 1.5, but
at log 0.0 there are some differences. At lower metallicities the temperature at which the
computed and empirical data are in agreement changes (3750K at [Fe/H]=0, 4250K at
[Fe/H]=-1, and 4750K at [Fe/H]=-2) with the computed V-K values being bluer at

temperatures below this.

4.3.5 TessJ-K relations

Figures 4.3.1E — 4.3.4E show the plots of J-K against T for [Fe/H] = 0 for four different log
g values. At log g of 4.5 (figure 4.3.1E) the empirical and computed data are in close
agreement, although below 5000K where the computed J-K values are redder and above
this temperature they are slightly bluer. This pattem remains the same with decreasing

gravity (figures 4.3.2E, 4.3.3E and 4.3.4E), and metallicity (figures 4.3.5E to 4.3.12E).

4.3.6 Tess Bolometric Correction in Vrelations

Figures 4.3.1F — 4.3.4F shows the plots of BCV against T for [Fe/H] = 0 for four different

log g values. At log g of 4.5 (figure 4.3.1F) the empirical and computed data are in good
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agreement at temperatures below 6000K, and again at temperatures between 10000K and
12000K. Between these ranges, the computed BCV values are around 0.07 greater than
empirically derived ones and above 12000K the computed values are approximately 0.2
greater. There is no change in this relationship with decreasing gravity, although at log g
3.0 (figure 4.3.2F) above 10000K the computed values give a smaller BCV rather than a

largerone.

There is also very little change with decreasing metallicity; at log g of 0.0 the computed
values at [Fe/H] = -2 fit the empirical data slightly better than at [Fe/H] =0, but not at other

gravities.
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Figure 4.3.1 T colour relations for logg=4.5 and [Fe/H]=0.0showing new-ODF models (blue
lines), new alpha enhanced ODF models (green lines) and empirical data (purple circles) for
five colourindices (A: U-B, B: B-V, C: V-1, D: V-K,E: J-K) and F: the bolometric correction in V.
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Figure 4.3.5 Ty-colour relations for logg=4.5 and [Fe/H]=-1.0 showing new-ODF models
(blue lines), new alpha enhanced ODF models (green lines) and empirical data (purple
circles) for five colour indices (A: U-B, B: B-V, C: V-1, D: V-K.E: J-K) and F: the bolometric
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Figure 4.3.6 Tg-colour relations for logg=3.0 and [Fe/H]=-1.0 showing new-ODF models
(blue lines), new alpha enhanced ODF models (green lines) and empirical data (purple
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Figure 4.3.7 Ty-colour relations for logg=1.5 and [Fe/H]=-1.0 showing new-ODF models
(blue lines), new alpha enhanced ODF models (green lines) and empirical data (purple
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Figure 4.3.8 T-colour relations for logg=0.0 and [Fe/H]=-1.0 showing new-ODF models
(blue lines), new alpha enhanced ODF models (green lines) and empirical data (purple
circles) for five colour indices (A: U-B, B: B-V, C: V-I, D: V-KE: J-K) and F: the bolometric

correctionin V.
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Figure 4.3.9 T-colour relations for logg=4.5 and [Fe/H]=-2.0 showing new-ODF models
(blue lines), new alpha enhanced ODF models (green lines) and empirical data (purple
circles) for five colour indices (A: U-B, B: B-V, C: V-I, D: V-KE: J-K) and F: the bolometric
correctionin V.
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Figure 4.3.10 Tcolour relations for logg=3.0 and [Fe/H]=2.0 showing new-ODF models
(blue lines), new alpha enhanced ODF models (green lines) and empirical data (purple
circles) for five colour indices (A: U-B, B: B-V, C: V-I, D: V-KE: J-K) and F: the bolometric
correctionin V.
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Figure 4.3.11 T colour relations forlogg=1.5 and [Fe/H]=-2.0 showing new-ODF models

(bluelines), new alpha enhanced ODF models (green lines) and empirical data (purple
circles) forfive colourindices (A: U-B, B: B-V, C: V-1, D: V-K,E: J-K) and F: the bolometric
correctionin V.
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Figure 4.3.12 Tcolour relations for logg=0.0 and [Fe/H]=2.0 showing new-ODF models
(blue lines), new alpha enhanced ODF models (green lines) and empirical data (purple
circles) for five colour indices (A: U-B, B: B-V, C: V-I, D: V-K,E: J-K) and F: the bolometric
correctionin V.
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4.4 Comparisons between scaled solar and alpha enhanced colour

transformations and bolometric corrections

While the scaled solar models of heavy element abundances are appropriate for use in
many cases, there are certain populations of stars, such as globular clusters and field stars
in the Galactic Halo, where it is more accurate to use the alphaenhanced models (Cassisi et
al., 2005). Cassisi et al. (2005) investigated the effects of using alpha enhanced theoretical
model atmospheres (using the Grevesse and Sauval (1998) abundance values) on the
colour transformations and bolometric corrections, and found that for low [Fe/H] values
(~2) the scaled solar and alpha enhanced models were in good agreement, but as
metallicity and temperature increase, the B-V and U-B alpha enhanced colours become

progressively bluerthanthe equivalent scaled solarones.

In this project, the calculated theoretical colour-temperature relations for U-B, B-V, V-I, V-K
and J-K, along with the colour-bolometric correction for V, have been produced for both
scaled solar spectra (blue) and alpha enhanced [a./Fe] = 0.4 (green), based on the models
created with the Asplund et al. (2009) abundances. As can be seen from figures (4.3.1 —
4.3.12) the differences between the calculated scaled solar and alpha enhanced values are
much less than the differences between the calculated scaled solar and empirically

determined values.

4.4.1 Tess U-B and B-V relations

Figures 4.3.9A — 4.3.12A shows the plots of U-B against T for [Fe/H] = -2.0 for four
different log g values. At this low metallicity, the values for the scaled solar and alpha
enhanced models are identical at temperatures above 5000K, and below this value the
alpha enhanced colours become bluer with decreasing temperature. This effect is seen

regardless of the log g of the model, although unfortunately, the ATLAS9 programme did
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not produce acceptable models at the lowest temperatures for [Fe/H] =-2.0, log g 4.5 or

logg 1.5 (see table 2.4.2).

With increasing metallicity at [Fe/H] = -1.0 (Figures 4.3.5A — 4.3.8A) and [Fe/H] = 0.0
(Figures 4.3.1A — 4.3.4A, the differences in the U-B colour become more pronounced, with
the alpha enhanced models being significantly bluer at temperatures below 5000K.
However, at lower gravities (log g 1.5 and log g 0.0) there is a region between 5500K and
7000K where the alpha enhanced values are slightly redder than their scaled solar
equivalent, and this discrepancy increases with decreasing gravity (see figures 4.3.8A and

4.3.12A).

Comparing the scaled solar and alpha enhanced values for the B-V colours shows a similar
pattern to the U-B colours; the two colour values are identical above 5000K and differences
only appear below this value, with the alpha enhanced colours being bluer than the
equivalent scaled solar one. The differences in colour increase with decreasing effective

temperature, and with decreasing gravity (figures 4.3.1B—4.3.12B).

4.4.2 Tes V-1, V-K and J-K relations

In the other colour bands investigated (V-I, V-K and J-K) there is a much less of a difference
between the scaled solar and alpha enhanced colours, which is expected as these colours
only have a weak dependence on the metal content of the mixture (Cassisi at al., 2005).
However, there are some differences at the lowest effective temperatures (<4000K) with
the alpha enhanced colours being slightly redder than the scaled solar ones in the V-1 and
V-K colours, and slightly bluer in J-K. This difference increases with increasing metallicity

and decreasing gravity (figures 4.3.1C—4.3.1F).
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Chapter 5

Conclusions and Further Work

Comparisons between the synthetic spectra and the colour transformations of the stellar
atmosphere models produced by the Asplund et al. (2009) abundances, and those
produced by the Grevasse and Sauval (1998) abundances, have shown that the different
solar abundances do not affect the models to any great degree. There are only any
significant differences in the energy distribution of the spectra at the coolest temperatures
of stars studied (3500K — 4500K), although changes in the depth of some specific spectral

lines can be seen at highertemperatures.

For models with an effective temperature less than 4500K, the colour indices U-B, B-V and
u-b produced by using the new abundance values are redder than the indices produced by
the old values, but there is little difference in the other indices studied. Comparisons
between the colour indices calculated using the new abundances and the empirically
derived values show a good general agreement for main sequence stars regardless of the

metallicity, but thisagreementisless for giant stars.

The full grid of models and synthetic stellar spectra calculated with the Asplud et al. (2009)
abundances will be made publidy available, and can be used in stellar evolution and
population synthesis databases. Further work can be done in future by calculating models
with different microturbulence velocities; Casagrande and VandenBerg (2014) state that
supergiant stars can have values of up to § = 5kms™, and this could be worth investigating
to see whether the atmospheric models and colour transformations produced for giant

stars with higher microturbulence values are more similarto the empirically derived values.

Additionally, the solar metal abundance is being constantly revised as new work is done

(e.g Scott et al., 2014), and as new, more accurate, values of the abundance of each
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element is determined, it is important to continually chedk if these changes to the solar

abundances have any significant effects when used as inputs to stellarmodels.
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