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Abstract 

ATLAS9 program is the standard tool for making model atmospheres of stars. It is used for 

producing synthetic spectra of stars that can be compared with observed spectra to determine 

the physics of the atmospheres of stars. It is valuable in determining effective temperature, sur-

face gravity and composition of stars. Our project involved making improved stellar models of 

main sequence A-stars with the primary aim of replacing the Equation of State (EOS) used in 

ATLAS9 program with the OPAL Equation of State in order to determine the changes this will 

bring in the model atmosphere calculations. We changed the original ATLAS9 EOS by replacing 

ATLAS9 EOS routines with the OPAL EOS routines in the ATLAS9 program. On the broader 

context we wish to build good stellar models that will be used in stellar pulsation studies. With 

this, we want to produce good equilibrium models that can be used to calculate pulsation fre-

quencies that can be matched accurately to the observed frequencies from the KEPLER and 

COROT missions. 

In Chapter 2, we have compared the ATLAS9 EOS with the OPAL EOS to determine if the OPAL 

EOS works well in the atmosphere region. We find no significant difference in the calculation 

of density whether one uses ATLAS9 EOS or OPAL EOS except for hotter models (T(ff =950() 

K). The calculations for thermodynamic variables such as the adiabatic exponent, temperature 

gradient, specific heat capacity and the third adiabatic exponent produced differences between 

the ATLAS9 program and the OPAL routines. This was due to the different thermodynamic 

states of the gas used by the two approaches. However, the profiles produce were essentially the 

same for all the models in the atmosphere and the upper layers of the envelope. 

The OPAL EOS is state-of-the-art and includes more physical effects than the ATLAS9 EOS. 

Thus, the second aim of our project is to estimate the size of the error introduced when OPAL 



EOS is not used in normal ATLAS9 model atmospheres The error introduced when calculating 

density (p), temperature. pressire, electron density and Rosseland mean opacity using ATLAS9 

(with ATLAS9 EOS) ranges between 0.32 -22 % for 7000 K < T ff  < 9000 K. For thermodv-

nanhic variables the error introduced when calculating the first adiabatic exponent (F t ), adiabatic 

temperature gradient (Vad),  radiative temperature gradient (Vrad)  and the specific heat capacity 

(Cp) using ATLAS9 (with ATLAS9 EOS) ranges between 2.8 %-90 % for 7000 K < T,,ff < 9000 

K. The error introduced for the density derivatives was calculated to be in ranges 1.2 %18 % for 

7000 K < Teff  < 9000 K. For the spectra calculated, the differences between the two methods 

were quite small and ranged between 0.13 %- 0.6 Vc for both cooler and hotter models. 

These error estimates nmst be ciuoted  with the following in mind; One of the major challenges 

was that OPAL EOS does not work well for low temperature opacity. We believe that this dial-

lenge can be resolved by using an EOS that is easy to access and EOS tables that can be used 

for low temperature opacity. We have made tests to our models by revisiting the matching code 

by Mguda (2010) but the mismatch between the envelope and the atmosphere was still evident. 
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Chapter I. Introduction 

Chapter 1 

Introduction 

Stars have often been used as basis for understanding the realms of the universe. This is be-

cause the universe is chemically enriched with elements that were formed from the interior of 

stars. As a result, these round balls of gases have often been used to trace how the universe has 

evolved. They also continually ionise and re-ionise the intergalactic medium (Aerts et al. 2009). 

Therefore, our understanding of stellar structure, evolution and pulsations is fundamental to our 

understanding of the more distant universe by way of extrapolation. This means our knowledge 

of properties of stellar populations, calibration of distances to very remote galaxies using stars 

and even spectra of stars within these galaxies further enhances our understanding of the more 

distant universe (Maeder, 1995). 

Our project aims to create equilibrium models of stars. The models we have endeavoured to 

build in our research work will he used in stellar pulsation studies. Modelling ionisation equi-

librium model developed from the Saha equation, have over the years been at the fore front in 

enlightening us about the physics and dynamics of stars. Stellar models are essentially profiles 

of pressure, density, temperature and other stellar variables as a function of optical depth inside 

a star. These are some of the profiles we have calculated using the ATLAS9 program. Such 

profiles are calculated using the physics of gases. Such calculations are carried out by assuming 

that stars are large spherical gases. Stellar Pulsations in main sequence A-stars are due to p- and 
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g-modes that travel inside these stars. These seismic waves are sensitive to parts of a star they 

travel in, hence they are critical to our understanding of the physics and structure of the parts of 

a star where these waves travel. Comparison of the frequencies, amplitudes and phases of these 

waves with data is important in probing these different parts of a star. It has been an important 

challenge to have accurate models of pulsating stars that can be compared with highly accurate 

data obtained from Space-based Observatories such as KEPLER COROT and MOST . For 

example, KEPLER can detect amplitudes of under 1 ppm (Kjelclseu & Bedding, 2011). In our 

attempt to produce accurate models of A-Stars, we match model atmospheres calculated using 

well tested ATLAS9 program (Kurucz, 1979) to envelope models that we calculate ourselves. 

Accurate stellar pulsation models are highly dependent on accurate equilibrium models. The 

work presented in this thesis is part of a project in our research group to produce highly accurate 

equilibrium models of atmospheres and envelope of A and B-Stars. The first attempt to do this 

by Mguda (2010) produced cliscontiimous matching between atmosphere and envelope models. 

My thesis attempts to remove these discontinuities by using the OPAL EOS in the calculations 

of model atmospheres. The atmosphere models were calculated using ATLAS9 program. We 

calculated envelope models from stellar structure equations. Furthermore, the envelope models 

were calculated using OPAL opacities and OPAL Equation of State. The ATLAS9 model atmo-

sphere were calculated with Kurucz opacities and EOS. We therefore, thought that if we used 

the OPAL EOS in the ATLAS9 program, we will have improved model atmospheres and be able 

to produce continuous matching of atiimospliere and envelope models. 

The second aim of our project is to estimate the size of the error introduced when OPAL EOS is 

not used in normal ATLAS9 model atmospheres. Ultimnritely, we want to produce good equilib-

rium models that can be used to calculate pulsation freqimemicies that can be matched accurately 

to the observed frequencies from KEPLER and COROT nmnssions. Linear stellar l)UlSatiOImS are 

generally regarded as linear I)ertmmrbatiomls to a star in equilibrium. Hence pulsation equations 

are linearly J)erturl)e(l stellar structure equations with co-efficients that depend oil equilibrium 
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models. Hence the accuracy of eigen frequencies will depend on how good the equilibrium model 

is. Thus, our project involved making improved stellar models of main sequence A-stars (re-

viewed in subsubsection 1.4.2.4). This has been done by using the OPAL EOS in the ATLAS9 

model atmospheres. An attempt was made in this thesis to match these models smoothly. 

From a theoretical point of view, the importance of modelling the atmosphere of a star lies in 

determining the stellar structure as well as the stellar evolution (Stutz. 2005). The role played 

by the EQS in stellar evolutionary models is that of providing variables such as pressure, den-

sity, adiabatic temperature gradient, specific heat at constant pressure as noted by Pols et al. 

(1995). Furthermore, if we are to successfully investigate the processes such as pulsation mode 

identification, then we ought to make accurate models of the structure of the atmosphere. Some 

examples in stellar astrophisics that need accurate modelling have been discussed by Saumnon 

(1994) and includes solar oscillation spectrum, stellar pulsations, solar neutrino problems as well 

as the source of abundance for elements in the atmospheres of white dwarfs. There are (thai-

lenges in stellar modelling and they include amongst others, inclusion of many of the spectral 

lines which need to be considered when one deals with the radiative transfer (Stutz, 2005). For 

our purpose, we modified an existing ATLAS9 code in order to obtain a more accurate model. 

The bigger picture for our research project lay in making good models of stars that will be used in 

modelling pulsations in A-stars. Pulsations are important because we can use them to constram 

the theory of stellar evolution and study the stellar interiors. 

Our bug term goal imivolve modelling A-stars and making the smooth transition between the 

atmosphere and the envelope for stellar variables such as the first adiabatic exponent (171 ). This 

will be done using the mnatcluiuig code developed by Mguda (2010). The discontinuous miiatch-

ing reported by Mgucla (2010) could be attributed to several unknown scientific causes, hence 

our research work was muiade to attenipt to eliminate the discontiiiuities and further (leVebop an 

understanding of any physics behnid the previous discontinuities. However, with this in nund, 
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one could cite one aspect notable in Mguda (2010) and that is. the envelope was modelled with 

the OPAL approach while the atmosphere was determined rising the ATLAS9 program. This 

primarily justified our call for uniformity in the EOS used having included the OPAL EOS in the 

ATLAS9 program. On the broader context, the primary task entailed modifying a pre-existmg 

ATLAS9 program. This program as stated by Kurucz (1970), caters for temperatures and pres-

sures that are not extremely high in the stellar atmosphere while the OPAL EOS according to 

our results has shortcomings in the stellar atmosphere region. This implies we have accivainted 

ourselves to a considerable degree on how the OPAL EOS are accessed and calculated. The 

knowledge tims obtained has been implemented when the ATLAS9 program was modified. Our 

models were applied to the matching code in order to achieve the smooth transition between the 

envelope and the atmosphere. The significance of this is that our research work has attempted to 

yield solutions of questions of several unmatched variables between the envelope and the atmo-

sphere as well as contributing towards an equilibrium model that can be used in stellar pulsation 

equations. 

This thesis is structured in the following manner. In §1 we give a background on key concepts 

that are essential for one to successfully carry out stellar niodelling calculations. We further give 

a review on the EOS and the role it plays in stellar structure equations. We also discuss the 

seismology of stars. the stars to which we wish to apply our models and the role played by the 

Matching code in our models. We further give a thorough review of the stellar structure equa-

tions. In §2 the feasibility of the research question we have addressed is given by showing the 

comparison of tine ATLAS9 EOS to the OPAL EOS method. In §3 we discuss the results obtained 

by including the OPAL EOS in the ATLAS9 program. We have also discussed fine effect of the 

OPAL EOS on the ATLAS9 spectrum. Furthermore, we have also made comparisons of models 

to see if the new models are logical and consistent with those from the original ATLAS9 program 

and OPAL EOS. In §4 we bring the thesis to closure and make necessary reoomnmenolatiomns. 
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1.1 The EOS in Stellar Astrophysics 

To model a star one needs to (IiVide the star into three major regions. From the center of 

the star extending to about 25 V0 of the radius is the core. This is the region where nuclear 

energy reactions produce the energy that we eventually see as light from the stellar surface. The 

region above the core is the stellar envelope tlìrough winch the energy produced from the core 

travels mainly by radiation. For mnam sequence stars, this envelope occupies almost 70 % of the 

radius of a star. This is the region of a star that has been widely modelled using the OPAL 

Equation of State and opacities. We have used this approach for our research work and it is 

explained in the successive sections. The outer most region of a star is called the atmosphere, 

this is the part visible to us when we look at a star. This is the region in a star where our 

computer program of interest ATLAS9 calculates stellar models. The layers of a star below the 

atmosphere are completely opaque and mvisible to us. Furthermore, one needs to specify the 

chemical composition of a star modelled since the opacity and nuclear reaction rate depend on the 

chemical composition. The chemical composition is usually given by indicating the mass fraction 

Xi  of different elements that a star is composed of. The last step to complete a simple stellar 

model is that of determining the Equation Of State (EOS), opacity and the nuclear reaction 

rates as a function of temperature, density and chemical composition. The description of basic 

physical laws are essential to aid in our bid to understand the stellar interiors and eliuunate any 

discrepancies that may he present The laws in quest ion include the EOS. opacities and thermal 

nuclear reactions as lnnted before. The EOS includes the properties of matter together with the 

transport coefficients. It also relates stellar variables such as temperature, pressure and density 

this making stellar structure equations solvable (Sauuion, 1994). The pressure along with the 

entropy are not too hard to identify in these equations and they describe the mechanical and 

thermal equilibrium of a star as noted by Sauuion (1994). However, there have been (liallenges 

related to the EOS that is used to describe the structure of stars and their evolution. The 

challenges include difficulties in describing the EOS for a plasmia of a gas as well as the degree of 

scattering of atoms. However, one of the important contributors for any stellar model has been 
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the thermodynamics of the hot dense plasmas. This contribution has been in the form of the 

EQS. According to Haesel et al. (2007) the simple way of determining the EQS for densities in 

the intermediate regions is by way of interpolation between the low and high densities. 

The EQS is our tool of interest and the discussion herein outlines how the EQS is used in Stellar 

Astrophysics. The EQS simply describes all possible values of pressure, density and temperature 

in a system. while ensuring that Local Thermodynamic Equilibrium (LIE) is retained. This 

implies for stellar systems we can use the EQS as a tool to study extreme conditions at the 

stellar core such as high (lensity, energy and matter. To obtain all this we rely on advanced 

theoretical models as rioted by Fotov & Lomonoso (2010). However, things get complex as far 

as the EQS is concerned, when non-i(leal effects are introduced (Saumon, 1994). Furthermore, 

Saurnon (1994) states that such calctilations can only be done using numerical methods with 

results displayed in a form of a table. widely refered to as an EQS table. 

A good EQS is not only a prime recluirement  for one to compare observations with theoretical 

models but also the accuracy of it has to be of the highest standard (Lin. 2010). In addition to 

determining the pressure. density and temperature the EQS also needs to determine the stellar 

composition. By composition we mean the mass fraction of hydrogen X, helium niass fraction 

Yj and other elernemits heavier than helium Z (Christenseii-Dalsgaard et al. 1996). In additioim, 

the role played by the EQS in stellar matter is that of aidiiig in the determination of population 

levels. The levels provide absorptioii or scattering of radiation, stellar evolution and require one 

to use the simplest EQS available. Fundamentally, the plasnmma of a stellar interior consists of the 

niixture of perfect gases of all species (Charbonnel et al. 1999). With this in xniiid. an EQS is 

often deemed not to be of signihcaiit use if it cannot predict the properties of a plasma for an  

optical regime (Humiiier & Mihalas. 1988). This according to Humiummier & Mihalas (1988) is (lime 

to these properties being obtaiuiable for experimental tests. 
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There are certain properties of stars, for which the EQS in applied on and these are discussed 

shortly. The range in temperature and density that is often found in stars is quite significant 

while the resulting Coulomb correlation is almost neghgible (Rogers. 1994). In a similar way 

to the OPAL EQS we have used. the density-temperature profiles for main sequence stars is 

given by R = 	Where I? is in iso-R track which brackets the path of stars, where p is the 

constant density in g.cin and L3 describes the p-T range for stars (Trampedach, 2006). For 

composition, there is a difference in composition for intermediate stars as far as stellar evolution 

is concerned. An example of these stars are those found on the main sequence band and more 

advanced stars in their evolution, such as white dwarfs and neutron stars. Any main sequence 

star is largely composed of hydrogen and helium This is different from the white dwarfs that are 

mainly composed of carbon and oxygen with a relatively large R (Rogers, 1994). The significance 

of this is that the conditions in main sequence stars generally limit Coulonib corrections to the 

EQS. The corrections are less than a few percent. The theoretical studies of the structure of 

neutron stars have been useful because the mass and the radius of the stars potentially helps in 

putting constraints on the EQS of dense matter (Lattinier & Prakash, 2001). 

The EQS for liquids is difficult while that of a gas is relatively simple to handle. The EQS has 

been useful in Astrophysics by providing the thermodynamic properties needed for the description 

of stars and planets (Trampedacli. 2006). Furthermore, the foundation of opacity calculations is 

the lonisation equilibriuni and level populations of species provided by the EQS. The EQS for 

astrophysical applications is not always simple to calculate (Saumon, 1994). This is due to a 

number of questions that needs to be addressed and these imiclude what EQS is most appropriate 

for a specific problem. With this in mnimid we have discussed in this thesis, how our choice of EQS 

(QPAL) approach (onipares with other EQS methods. Literature studies alone cannot aid in our 

quest to address questions concerning a particular choice of EQS made. Tints before we used 

the QPAL EQS tables, we have directly compared different methods, stating their shortcomings 

and poor approximations as noted by Saumon (1994). Our understanding of the role played by 

the EQS in astrophysics has emerged from studies of dense matter physics. This is partly due 
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to the contribution of computer technology in carrying out complex calculations associated with 

the studies of dense matter physics. Such calculations have been possible due to a number of 

approximations being used. 

In looking at other properties of stars, we can have a systein characterised by a great deal of 

compression in its atoms. This means it is a system with atoms closely packed and this leads 

to electrons that are likely to be in conducting states (Yildiz & Kiziloglu, 1997). This whole 

process leads to pressure ionisation. Pressure ionisation occurs when we have a system with 

many atoms that are compressed to such a level that some of the other atomic orbits overlap 

(Rogers et al. 1996). This implies the electrons which filled these levels are squeezed and become 

free. Thus, the pressure ionisation eventually becomes a complex problem to include in the EQS 

calculations. This problem has often been avoided by only interpolating for atomic and fully 

ionised limits (Saumon, 1994). The EQS for astrophysical plasmnas is to a great deal nearly ideal 

and this EQS serves the purpose of determining the structure of the stellar interiors. A lot of 

stars have matter that is either in a state of aperfect gas or in a complete degenerate gas state. 

However, for either case the EQS is quite simple to understand. The EQS for an ideal gas is 

given by 

P=riKT, 	 (1.1) 

where n is the number of particles per unit volume, K is the Boltzmann constant and T is the 

temperature. When stellar matter is completely ionised at higher temperatures then equation 

(1.1) heconies 

P = KT(iie  + ri), 	 (1.2) 

where e  is the number of electrons particles and n 1  is the number of ions that includes hydrogen, 

helium and all other elements heavier than helium (Fall, 2003). For sufficiently high temperatures 

we have a state of gas that is fully ionised. Under these conditions we assume stellar matter to 

be composed of hydrogen (H), helium (He) and other elements (Z) heavier than helium. This is 

because at high temperatures, H2  dissociates into H. The significance of the specified composition 
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is that spectroscopic studies help us to determine the exact composition of a star. The dominance 

of H and He over other elements implies that, the rest of the elements are grouped as one entity. 

At the surface, the temperatures are not high enough for matter to be considered in a state 

of complete ionisation. However, the temperature may be high enough for the perfect gas law 

to hold (Kippenhahn & Weigert, 1994). This law is applicable for high temperatures and low 

pressures while for low temperatures and high pressures ionisation due to the pressure is likely 

to occur. 

1.1.1 The Equation of State of stellar matter 

The interior of a star is a mixture of ions, electrons and photons. With the exception of dense 

stars, most stars have ions and electrons which can be treated as an ideal gas with quantum 

effects neglected. Each of these particles contribute to the total pressure of a star as noted by 

Kippenhahn & Weigert (1994). Even though photons have zero mass, they do exert pressure 

since they have momentum. The sum of these pressures contribute to the equation of state. In 

simple terms the total pressure inside a star is given by 

P = Pion+Pe+Trad, 	 (1.3) 

where P is the pressure due to the ions, Pe  is the electron pressure and Prad  is the radiation 

pressure. The ion and the electron pressures added together results in the gas pressure. The 

Equation of State for an ideal gas is given by 

Pyas = nkT, 	 (1.4) 

where n is the number of particles per imit volume, k is the Boltzmann constant and T is the 

temperature. In a mathematical form n = n + n, where iii  and mi are number densities of ions 

and electrons respectively. Furthermore, equation (1.4) can be expressed as 

Pyas = pT, 	 (1.5) 

where R is the universal gas constant and /2 is the average particle mass. The radiation pressure 
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is given by 

grad = 	 ( 1.6) 

where a is the radiation constant given by , where a is the Stefan-Boltzrnann constant and 

c is the speed of light. Equation (1.5) and equation (1.6) imply that the dominating pressure 

between the gas and the radiation pressure at the core can be determined, by simply taking 

the ratio of the two in this region (Kippenhahn & Weigert, 1994). It has been determined that 

the radiation pressure is insignificant at the centre of stars with masses close to that of the Sun 

and less. However, this will not be true for more massive stars where the radiation pressure can 

be significant. Also, from equation (1.5) and equation (1.6) it can be easily (leduced that, the 

radiation pressure will be equal to the gas pressure if 

3R 
T = -p, a/i. 

(1.7) 

Figure 1.1 shows regions in the log T and log p space, where the radiation pressure and gas 

radiation pressure 

mom 

	dominated 	- - - - - sope 1 /3 

- - - - - - gas pressure 
dominated 

Iogp 

Figure 1.1: A sketch showing the regions in the log T-log p space, where the equation 

of state is dominated by radiation pressure above the dotted line and gas pressure below 

the dotted line. The dotted line is based on equation (1.7), taken from Fall (2003). 

pressure are dominant. As shown in Figure 1.1, below the dashed line the EQS is dominated 

by the gas pressure while the radiation pressure dominates the EQS above the dashed line. Fall 
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(2003) has shown that the ratio of the radiation pressure to gas pressure in a star is proportional 

to M 2 , in other words 

Prad 2 M 
gas 

From equation (1.8) it is clear the gas pressure is significant in low mass stars while the radiation 

pressure is significant for high mass stars. 

1.1.2 The EOS in Stellar Modelling 

Stellar models of the EQS are currently used in models of the Sun and this was the case prior to 

the 1980s. The physics involved back then was two fold and it used the Saha equation to model 

the ionisation process and the other process modelled was the electron degeneracy (Gong et al. 

2001). Stellar models are used for comparing with data and thus require codes used to he very 

accurate. The ionisation equilibrium model that was introduced by Saha (1920) led to changes 

in stellar modelling. This model has been useful for many purposes but had its fair share of 

shortcomings. For instance. Rogers et al. (1996) state that this model only uses ground state 

arrangements in the ionisation-halance equations. This is considered a shortcoming because a 

good model for a star is measured by its ability to include all excited states. Other stellar models 

that have been produced with success imiclude that of Eddington (1929) which was more simple 

and analytic. However, while keeping the success of stellar models in mind, some credit is owed 

in part to the observational constraints such as Spectroscopy, Photometry, Astrometry and In-

terferometry of stars for putting constraints on theory (Aerts et al. 2009). These observations 

have succeeded partially in explaining the basic laws of physics under stellar conditiolls in spite 

of their poor precisiomi as alluded to by Aerts et al. (2009). The observational techniques have 

over the years improved in quality and mimade new findings. The findings included identifying 

different stellar atmosphere layers for peculiar stars and horizomital branch stars (Stutz, 2005). 

Additionally, since the studies of Astereoseismnology have been introduced, iminterrupted space 

J)hiotometry studies using the Kepler and the CoRot space telescopes have delivered accurate data 

for eclipsing binary research. The knock-on effect of these ohservatiomis for Astereoseisiiiology. 

(1.8) 
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has been the development of eclipsing binary pulsating components as stated by Maceroni et al. 

(2009). These studies also probe other population of stars in the Milky Way Galaxy. These space 

missions have primary goals of searching for earth like planets in the habitable zones around their 

parent star. 

Furthermore, studies of oscillations inside stars have aided in determining the properties of stars, 

their internal structure and dynamics. A case in point has been the studies of Helioseismology 

that is concerned with the oscillations within the Sun. This study has given us good insights 

about the internal structure of the Sun (Basu & Antia, 2008). In fundamental terms, this study 

uses the interior solar oscillations to study the interior properties of the Sun. In turn, stellar evo-

lution codes have also proved useful in determining the properties of these oscillations as stated 

by Waelkens (1995). This has proved to be key on the observational front as well as theory. 

Furthermore, great strides have been made in explaining physical processes such as turbulent 

velocities in the stellar atmosphere and the existence of strong global magnetic fields (Stutz, 

2005). 

When one looks at evolution of stars. there is different time scale of stellar evolution and pul-

sations, hence it has been hard to do both these studies independently. According to Waelkens 

(1995), whot has been revealed in stellar evolution and pulsations studies, is that pulsations lead 

to mass loss in hot massive stars as well as evolved low mass stars. Furthermore, accordiiig to 

Ciancio et al. (1997), the evolutionary computations of the Standard Solar Model (SSM) have 

played a key role in our understanding of the inner solar structure. This has conseciuentiv led to 

our understanding of the solar neutrino problems better than before. With all these good strides 

being made in stellar modelling, t here are still discrepancies between theory and observations 

which have to (10 with the imiadequate understanding of the EQS. 

There are various research groups dedicated to calculating the EQS. The groups have managed 
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to link the astrophysical challenges connected to the EQS and any imclear physical theories. 

Furthermore, the groups have also managed to provide a good description for the large obser-

vational data that has been collected over the years. Additionally, what has been determined 

are the conditions in which the various EQS exists. The conditions inclwie amongst others the 

regions where Coulomb interactions of stellar matter such as electrons and ions may occur mod-

erately. By Coulomb interactions we mean that at extreme high densities the atoms tend to he 

closer to each other and according to Pols et al. (1995) these interactions can range from weak 

to strong interactions. Also, during this Coulomb interaction slight changes occur in the energy 

and the pressure. The influence of the resulting Coulomb potential is solely due to other charged 

particles in a plasma as alluded to by Bi et al. (2000). This may result in the bound electron not 

maintaining its original state. What we can deduce from these conditions is that the Coulomb 

interactions create a decreasing change in pressure and energy as noted by Yildiz & Kiziloglu 

(1997). 

The EQS is usually provided in the form of tables and interpolation routines. The range these 

EQS calculations cover is from stellar scales to galactic scales. The high temperatures and den-

sities in certain stellar regions make it hard for one to gain access to the (inlahity of the EQS 

that is used (Gong et al. 2001). There are relations shared by the EQS calculations and those 

calculations needed to improve nuclear reaction rates at extremely high densities. The reviews 

of the groups dedicated to calculating the EQS will be discussed in subsection 1.1.4. 

The type of EQS tables we have used has been provided by the widely known QPAL opacity 

approach. The opacity of stellar material controls the energy flow through a star and eventu-

ally the luminosity of a star (Chiristensen-Dalsgaard et al. 1996) .A great excitement ensued 

when the QPAL opacity group at Lawrence Livermore National Laboratory released detailed 

associated EQS tables. This led to the resolution of several important problems in stellar astro-

physics. For example, according to Van horn (1992), at high densities the calculations of the 
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EQS for matter in regions of strong magnetic fields and radiative opacities have improved quite 

significantly. More over, the stellar models have been couiiputed inconsistently since the EQS 

used to calculate the opacities has been different from the EQS used for calculating the rest of 

the model. Additionally, the OPAL EQS along with the Mihalas, Hummer and Ddppen (MHD 

EOS) has been used for the calculations of the recent Standard Solar Model (SSM) as stated by 

Guenther et al (1996). Furthermore, Christensen-Dalsgaard et al. (1996) have noted that the 

increased opacity results found by OPAL in the (oulvection zone were mainly due to the effect 

of the improved EQS and the ion balance. This enhancement in opacities led to the substantial 

improvements in agreement between theory and the helioseismic data. 

For opacities, Rogers et al. (1996) state that the role and the success enjoyed by the OPAL 

opacities has been that of providing the EQS data that is consistent with the already available 

opacity tables. Also, the opacities from the OPAL approach and the Opacity project (QP), 

agree ciuite  well for a wide range of temperature values. For example. Alexander (1975) has 

calculated opacities for temperatures as low as 700 K and (letermined as well, the rough values 

for the opacities due to dust grains. The results thereof have been used to settle discrepancies 

between theoretical models and observations at lower temperatures (Ferguson et al. 2005). These 

OPAL opacity tables have also been used by Alexander k Ferguson (1994) at lower temperatures 

(Teji  700K). 

1.1.3 Equation of state and Opacity 

The opacity was recognised by Eddington as one of the two clouds that generally make stellar 

calculations obscured. while the other cloud pioduuces the stellar energy (Dipperi 	Guzik. 2000). 

The atmosphere of a star generally has a very small part of its entire mass in it (Neuforge, 1993). 

Thus when the evolutionary tracks of stars have been made, the opacities in the atniosphere 

of a star have not played a significant role for this stellar evolution. The exception to this has 

been the extensively used low temperature opacity tables provided by Cox & Steward (1970) 
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and Alexa11 	(1975). On the other hand, the mean opacities have been useful in studying 

the interiors of cool stars, giant planets and the disk of material that usually forms stars and 

planets (Ferguson et al. 2005). For these low temperature opacities the type of stars that have 

been evaluated have been the population I stars with moderate values of metallicities (Z). Pre-

calculated mean opacity tables have often been used for solving radiative transfer equations. 

This has been done for every part of the material that is optically thick (Ferguson et al. 2005). 

The opacity tables have also been made available for protoplanetary disk models and these tables 

were computed by Semenov et al. (2003) for the gas and dust grains for temperatures between 

10 K and 10000 K. When the pressure (P) and entropy (S) of stellar matter are related to 

the mass density (p) and temperature (T), the relation is widely refered to as the EOS. The 

EOS, opacity and nuclear reactions are very fundamental in stellar modelling (Ddppen & Guzik, 

2000). Furthermore, Ddppen & Guzik (2000) highlight the importance of a smooth EOS, that is 

consistent and valid for a wide range in temperature and pressure. The first case of smoothness 

has been the motive for our research work as we have attempted to make the transition between 

the envelope and the stellar atmosphere as smooth as possible. For the Sun, the large solar 

convection zone makes it possible for the EOS to he determined with high accuracy. On the 

other hand there have been uncertainties in determining the opacity. 

Inside the solar convection zone region the arrangement of layers is adiabatic and thus deteririined 

by thermodynamics (Christensen-Dalsgaard & Dippen, 1992). In case of stars more massive than 

the Sun, it is necessary to use an adequate EOS. For instance, Cliarbonnel et al. (1999) state 

that the OPAL EOS has been used because of the smooth thermiiodynainic (lUaritities  obtained. 

A good EOS has to be versatile: for instance, the OPAL EOS provides a strategic method for 

including the density effects (Ddppen & Guzik, 2000). 

Although the OPAL opacities have been used for temperatures greater than 6000 K, Ferguson 
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et al. (2005) used opacity tables at low temperatures as well. Furthermore, the OPAL opacities 

have a wide range in metallicity and composition. This consequently implies that one can include 

the composition profiles in the nodels constructed (Wood, 1994). Opacities in the atmospheric 

layers have been deemed to be important for computing the theoretical stellar evolutionary 

phases. This has been the case because the stellar atmosphere occupies only a small part of its 

mass (Neuforge, 1993). These evolutionary phases depend on the mass, chemical composition on 

the Zero Age Main Sequence (ZAMS), stellar age and the convection parameter. Other tables 

provided by Cox & Steward (1970) and Alexendra (1975) have also been used for low temperature 

opacities. Problems that have been encountered with these tables have been discrepancies for 

different temperature and density ranges (Neuforge, 1993). However, in the past decade there 

have been improvements in calculations of the radiative opacities, conductive opacities for mixed 

compositions and uniform compositions (Wood, 1994). 

When we define opacity we look at the effect that photons have on atoms, free electrons and 

ions during their interactions. There are four processes that are widely known to contribute to 

the opacity and these are; the bound free transitions, free-free transition and the bound-bound 

transition. These processes primarily remove photons from the radiation. What is significant is 

that when opacity is evaluated for a model atmosphere, all opacity sources are considered. Also, 

for astronomers, when the opacity changes siowly with wavelength this results in the continuum 

spectrum being determined. These sources of opacity are discussed shortly. 

Bound Bound Transitions 

This is time thermal process that occurs at temperatures as low as 1 x 107  K and it occurs when 

a photon is absorbed by an electron still bound inside an atom or ion and mimoves to a higher 

energy level. During this absorption process the photon immediately stops to exist resulting in 

the energy being released as photons. This is achieved because a photon collides with a bound 
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electron of a certain atom at a particular (lilanturn level. This causes the electron to go to a 

higher energy level. If the electron makes the transition hack to this energy level, it will not 

go back to the initial (lUantlim level (Carol 	Ostli, 1995). Instead it will release a photon 

with a different frequency and this explains the original photon being completely absorbed. If 

de-excitation is not to the original energy level, additional energy is released as thermal energy. 

This transition occurs along two states of energy and as such it is important for a small range 

of energies. 

More importantly, this transition indicates changes in the specific intensity though for a short 

range. The bound bound transition produces the emission and absorption lines that are present in 

the stellar spectra. In this process the ability of stellar material to absorb radiation is explained. 

This effectively adds to the stellar opacity KA  of stellar material (Murclin. 2001) 

. Free-free transitions 

When a free electron passes close to an ion, it experiences an increase in speed, kinetic energy and 

consequently an increase in acceleration. This accelerated charge iiievitably produces radiation. 

The significance of having an ion here is that energy has to be conserved. Also, when an electron 

passes closer to the ion, it tends to lose energy because it releases a photon. This causes the 

electron to decrease its speed and move to an unbound orbit of a higher energy. This free-eniission 

simply limits radiation. This process also produces a contirniuni opacity at all wavelengths. 

Electron Scattering. 

During this process a free photon is scattered and this scattering is caused by an electron.The 

photon chaurges direction but it does not lose its energy. The electron develops an oscillation 

phase and it is next to the photons electromagnetic field. The se attering cross section is given 
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by 	

aT 
= 6ne (C2)2 	

(1.9) 

where e is the charge of an electron, Me  is the mass of an electron and c is the speed of light. 

Upon substituting the constants it can be shown that this cross section is significantly small. 

Equation (1.9) suggests that, a way to increase the cross section of this scattering area would be 

to increase the density of the electrons. 

. Bound-Free absorption 

During this process we have all incident photon with sufficient energy to ionise an atom as noted 

by Carol & Ostli (1995). The result of this process is a free electron. The cross section from this 

process in a quantuin state n,m clue to a photon is given by 

3 

Ubf = 1.31 x 10_19( 1 
 ) 	500n7n) m

2 	 (1.10) 

where \ is the wavelength. The bound free emission process occurs when an electron combines 

again with an ion (Kippenhahn & Weigert, 1994). This results in the photon being emitted in 

random directions. The energy of these photons gets reduced in the radiation field. 

1.1.4 Methods for calculating the EOS 

A stellar model requires an EQS that covers a wide range of temperature. density grid and 

composition. Such a model often makes use of onime computed EQS tables. There have been 

various research groups dedicated to calculating the EQS. There are two widely used methods 

for computing the EQS. naniely the chemical picture and the physical picture method. In the 

chemical picture the concept atoms, ions and molecules are separated from each other (Luo. 

1994) and these sets of species reach a chemical equilibrium as stated by Trampedach (2006). 

An exaiuiple of the ECS that uses the chemical picture is the Eggleton, Faulkner & Flamiuierv 

(Eggleton et al. 1973), hereafter referred to as the EFF EQS. This method has been vastly used 
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in stellar modelling. In this method the non-ideal effects ensure that there is full ionisat ion at the 

stellar core. This ionisation is treated as a chemical reaction. Another example of the chemical 

picture method that has been in wide spread use is the Mihalas. Hmnmner & Ddppen (MilD 

EOS), (Hummer & Mihalas (1988), Mihalas et al. 1988; Dippen et al. 1987, 1988). 

An example of the physical picture method is the OPAL EQS that was developed by Rogers & 

Iglesias (1992) and Iglesias et al (1992). This method treats a system using its basic constituents 

such as electrons and nuclei. The method adopted by the OPAL EQS is that of the expansion 

of pressure as a sum of two body or three body terms (Rogers et al. 1996). There is a thermo-

dynamic consistency achieved in this physical picture method. This consistency is achieved by 

modelling a thermodynamic potential and thus calculating other thermodynamic quantities and 

derivatives from Maxwell relations (Trampedach. 2006). An advantage of the chemical picture 

method over the physical picture method is that the chemical picture method can model compli-

cated plasmas and thus achieve numerically smooth thermodynamical properties. The chemical 

and the physical methods, along with improvements made on them. are discussed in detail in the 

following subsections including our justification for proposing to use the OPAL EQS over other 

methods. 

There are criteria that a good EQS needs to meet and these include the following. The range 

of demisity and temperature grid for calculations to be carried out has to be large. A good EQS 

has to adapt to stellar composition that can be varied. This implies a good EQS has to cover 

all stellar regions. from the surface region to the core region .Also. if the EQS uses numerical 

methods then such methods have to be accurate (Saumnon. 1994). This iniplies the EQS used has 

to converge with relatively good precisiomm to ensure that all thermodynamic derivatives are cal-

culated smnootlily and accurately. Furthermore, when thermodynaniic quantities are calculated, 

there has to be consistency between these quantities. By this we mean that other thermodynamic 

quantities can be calculated from one thermodynamic potemmtial, which represents the thermo- 
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dynamic state of a system. Finally, a good EOS has to accommodate mixtures of elements that 

are deemed to he complex as noted by Saumon (1994). This is done with the inclusion of other 

chemical elements that are found to be in large abundance. This condition is important for opac-

ity calculations because elements that are heavy are important for opacity calculations, which in 

turn relies on a good EOS. 

1.1.4.1 The EFF EOS 

The EFF EOS uses the so called chemical picture method. In this method it is assumed that 

atoms and ions are in their unperturbed ground states. Furthermore. the EFF EOS ignores the 

Coulomb interactions and treats heavy elements by assuming they are fully ionised. The advan-

tage of this approach is that different composition for such elements can he easily acconimodated 

(Eggleton ct al. 1973). The disadvantage for this EOS is that when used outside its range of 

validity, it tends to give out unphysical phase transitions (Rogers. 1994). As noted by Lin & 

Dippen (2012), this EOS has been mainly used in codes used to calculate solar evolution and 

solar oscillations. This EOS further models processes such as Coulomb correction, pressure ioni-

sation and classical ions. Coulomb correction results from the sum of interacting pairs of charged 

particles like electrons, nuclei and compound ions (Bi ct al. 2000). The EFF method has been 

presented in an analytic form and thus has advantages over other tabulated EOS methods. Also, 

this method deals with varying composition and the new physics introduced with relative ease 

(Swenson & Rogers. 1992). The EFF EOS approach has been used as a simple ideal gas mo(lel 

of the plasma in the interior of the Sun (Bi et al. 2000). 

An improved version of the EFF EOS was presented by Swenson, Irwin. Rogers, Eggleton. 

Faulkner & Flanmiery (Guzik & Swenson, 1997) and now it is called the SIREFF EOS. It is based 

on the EFF EOS and includes many changes to the physics used in the EFF EOS. The changes 

are those found in the OPAL and MHD EOS methods and include amongst others the pressure 

ionisation treatment. This pressure iouisation is still unusual but is a function of ion density and 

4 
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electron density as stated by Dippen & Guzik (2000). Furthermore, Dippen & Guzik (2000) 

state that the parameters that can be adjusted from this pressure ionisation treatment have been 

deternii"ed and standardised. This has been done by comparing the SIREFF EQS to the OPAL 

EQS for stellar interior variables such as temperature and density. The SIREFF approach mod-

els processes such as Coulomb correction, electron exchange, partial ionisation. H2  molecules, 

classical ions and does not model quantum diffraction. All the additional physics included are 

improvements to what EFF EQS was modelling before as noted by Dippen & Guzik (2000). 

The Coulomb correction mentioned before, comes from the sum of all charged particles such as 

electrons, nuclei and compound ions interacting. According to Saumon et al. (1999), there is a 

very strong link between these interactions and bound states. However, when the gas interior 

particles of the Sun for instaice are not strongly coupled this causes the non-ideal effects such 

as coulomb corrections to change the structure of the Solar interior (Bi et al. 2000). 

According to Eggleton (1973) the pressure ionisation does have an effect on this EQS. According 

to Rogers (1994), this pressure ionisation takes place when the distance between the particles is 

less than a Bohr distance. thus it is relevant only at high (lensities. We can also have the partial 

ionisation state and when this happens it implies that the thermodynamic properties (lepend on 

the ionisation state of that gas. For our purpose we have modelled the stellar atniosphieres of 

main sequence A-stars with the OPAL EQS and this EQS includes the partial ionisation. The 

implication here is that the OPAL EQS may not work particularly well for low optical (lepths. 

Another concept that is included in the EFF EQS is the classical ions. For this concept, we have 

stable electrons on the backgroimd and this is where the thermodynaniic functions are calculated. 

The calculations are done by using a parameter as an iiidependeiit variable (Bi et al. 2000). To 

better lul(Ierstaud this we can write the following equation 

F j  = FZ 

where F. is the classical coupling constant of electrons. This constant is a number that indicates 

the strength of the force applied (luring the interaction of electrons. Z is the nuclear charge and 
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indicates the total charge of all protons in the nucleus. Fj  is the constant coupling parameter 

for that particular species j. Another concept included in the EFF EQS is the excitation states 

effect. This is a purely hydrogen effect and takes place in deeper layers of a star where 90 % 

of hydrogen is ionised. This is a region where the second ionisation zone of helium is located 

(Basu et al. 1999). What is important is that the excitation effect uses the most suitable helium 

abundance in the solar convection zone, so that helioseismic calculations can be done (Basu et 

al. 1999). Another important thing that is determined by the excitation state is the ionisation 

balance in star. The cluantum  diffraction is explained by the Heisenberg's uncertainty relation. 

1.1.4.2 The MHD EOS 

The MHD EQS was developed as part of the opacity project and has been widely used in stellar 

modelling. Its primary workings are also based on the chemical picture method. The free energy 

minimisation method of the MHD EQS is an algorithm that is based purely on the chemical 

picture method (Mihalas, Ddppen & Hummer, 1988). The procedure in this method is to (us-

tinguish particle clusters such as atoms, ions and molecules in a plasma (Mihalas, Ddppen & 

Hummer, 1988). Furthermore, solar models calculated using the MHD EQS have been found to 

match favourably with Helioseismology results (Yildiz & Kiziloglu, 1997). It was mainly devel-

oped to calculate the ionisation degrees of chemical elements. This is deemed to be important 

for the calculations of radiative opacity (Nayfonov et al. 1999). The physics of the MHD EQS 

is based on the occupation probability formalism. This formalism was derived by Hummer & 

Mihalas (1988) and has the internal free energy given by 

= 	 (1.12) 

Where Fi,t  is the free configurational energy, i covers a wide range for all interior states of species 

a j, ii is the total occupation number by a given species, 14/ is the occupational probability, g 

is the multiplicity and E,i  is the energy for a state i. The occupational probability is a measure 

of how much of the bound states of type i are available to be taken over. This occupational 

probability (W) is calculated by linearising 	in the free energy equation. This approach 
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is physicallY consistent and leads to unvarying free energies as stated by Trampedach et al. 

(2006). Also, the approach can aid in calculations of different arrangements of species (Navfonov 

et al. 1999). For an interaction of neutral particles, the configuration that is used to calculate 

the occupation probability is that of a spherical -as (See Rogers 1994). Furthermore, Rogers 

(1994) states that for ion-ion interactions, the occupation probability is calculated by the electric 

microfield method. This method has been developed from the Stark-ionisation theory where 

energy levels in an atom split dire to an applied electric field. The last configuration used is 

that of the ion-neutral, where the occupation probability is a combination of the neutral particle 

configuration and the ion-ion interaction configuration. 

What is significant for our purpose is that the MHD EQS has been restricted to stellar envelopes 

where the densities are relatively moderate and not exceeding p 	102 g.cm. The study of 

Helioseismology has put tight constraints on the EQS and the MHD EQS has fared well with 

slight discrepancies when compared to the inference from observations (Mihalas & Hummer. 

1988). Some of these discrepancies were reduced by the OPAL EQS. However, it has been the 

better matching of \IHD EQS to observational data for the outer parts of the Sun (i- > 0.97) 

than OPAL EOS that has been striking. Furthermore. Nayfonov et al. (1999) compared the 

differences between squared sotnd speed deternuned from inversion of oscillation data and the 

Standard Solar Model computed using \IHD and OPAL. From this. the OPAL EQS was found 

to be a better fit to data than the \IHD for 0 < r < 0.97 R.. One of the advantages of the MHD 

EQS over the OPAL EQS has been its inclusion of the hydrogen molecules (H2, H and H-) 

which implies that the MHD EQS is valid for temperatures lower than the OPAL tables. Our 

calculations iii Chapter 3 confirm this because we were unable to use the OPAL EQS for T fff  < 

650() K. The MHD EQS has also been valid for stars with niass as low as 0.4 \I ., whereas the 

OPAL EQS tables have been valid for stars with a mimriinum mass of 0.8 M. (Dppen & Guzik. 

2000). 

I 
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Furthermore, comparison of the MHD tables and OPAL tables shows that the tables used in the 

MilD EQS are based on Grevesse & Nods (1991) composition and contain eleinents such as He. 

C. N. 0 and Ne. where Ne represents all other elements. These elements are also used in OPAL 

EQS tables. One can thus compare the EQS used, based on these compositions. For example, 

the new solar abundance by Asplund et al. (2009) lowers the metallicity and halves the oxygen 

content, which is one of the inmost abundant in the Sun. The effect this has on the EQS is that 

' of the OPAL EQS is more sensitive to metal content than the MilD EQS. 

The MHD EQS models include several effects in their calculations such as Coulomb correction, 

pressure ionisation, partial ionisation, classical ions, non-relativistic electron degeneracy, excited 

states. electron exchange and quantum (liffractiOfl. In addition, elements such as H9. H and 

elements in the excited states are included in the composition. The partial ionisation serves 

the purpose of measuring how energy flows along the layers of a star. This ionisation is also 

responsible for pulsations in a star. The non-relativistic electron degeneracy occurs at high 

densities with a temperature that is decreasing. This implies atoms or ions are close enough that 

quantum mechanical effects become iniportant. This causes a complicated EQS that requires a 

simple forin governed by several factors. The factors include amongst others the thermal energy 

that is smaller than electron rest energy and relativistic electrons that are degenerate completely. 

The Coulomnil) correction is mainly clue to the sum of the all particles that interact, according to 

Bi et al. (2000) this is described by the Debye-Huckel approxuations. According to Guenther 

et al. (1992), the MHD EQS has contributed to Astrophysics by giving a good description of the 

atomic physics. 

1.1.4.3 The Activity Expansion Method that developed OPAL EQS 

One of our interests lies in understanding the physical processes involved in the OPAL EQS imeiice 

we have outlined the physics involved in this method. This approach involves one viewing the 

system with respect to its fundamental constituents of electrons and nuclei as stated by Dippen 

& Gimzik. 2000). As will be discussed shortly, such an arranigeniemit in the OPAL EQS was (Ic- 



Chapter 1. Introduction 	 25 

veloped on the basis of the grand canonical partition function. This function is a theoretical 

assembly of a system with a steady shape while the energy and the number of particles in such 

a system changes. Furthermore, according to Rogers et al. (1996) composite particles which 

includes ions, atoms and molecules also come into effect in this widely known 'physical picture' 

method of OPAL EOS. 

Traditionally, a neutral gas in physics has pressure expanded as a sum of two-body and even 

three-body clusters of species. This ext ends to plasmas as well, in spite of the Coulomb potential 

introducing complications. An example of such complications is that the quantum nature of elec-

trons results in the degeneracies and exchange corrections (Rogers et al. 1996). Fundamentally, 

this leads to atonis being stripped of electrons. 

The electrons and the ions interact attractively and this results in divergence over a short dis-

tance. The electrons and ions then cluster in groupings. In analysing this system for electrons, 

the level population for electrons reached through OPAL EQS may he given in terms of the 

Wij  factors of the Opacity Pro ject (OP). where W is the probability of an electron occupying a 

certain level, z is the number of electrons that are bound to that level and j is the energy level 

(Seaton 	Badnel, 2004). In comparison with the Opacity Project the OPAL opacity project 

has a much bigger population of species in significantly high excited states (Seaton 	Badnel. 

2004). This strongly suggests that the use of OPAL EQS requires qualituril mechanical nietliod 

(Ddppen & Guzik. 2000). These are methods based on the calculations of chienucal structure by 

using Schrodiiiger equations. 

We (an (hiscuss the act iVitv expaiision method to see how the act ivitv is used to set up the 

calculations of pressure and (lensity for a hydrogemi gas as discussed by Basu et al. (1999). The 

species interact in a medium that is hiniited to short distances. The pressure is that of an ideal 

a 



Chapter I. Introduction 	 26 

gas and it is calculated as follows 

ir 
=br,  

a = 1 

where Z is the activity given by Z = 	and \ is the wavelength that can be expressed 

as A = 
	11  

2A JBT 
Also, from equation (1.13) the symbol h indicates particle states with ii = 2 

representilig two particle state and ii = 3 representing three particle states. The physical picture 

is normally realised with the uninovable chemical potential acting as an independent variable. 

From this. the density and the number abundance follow as dependent quantities (Charbonnel 

et al. 1999) To calculate the density we start by differentiating equation (1.13) with respect to 

Z, in doing this we proceed as follows, 

OP = KBT (1 + 2Zb9 + 3Z2b3), 	 (1.14) 

we then divide by ABT and multiply both sides of equation (1.14) by Z and consequently arrive 

at the following equation 

= KT Gop ) = Z + 2Z2b2  + 3Z 3b3  
H Z 

(1.15) 

When we have an increase number of terms in the activity expansion, this consequently results 

in a orderly expansion in the density. 

The activity expansion method further involves a ntuiierical inversion before the thermodynauiic 

quantities are expressed in their natural variables such as temperature, density and particle 

numbers. The linuted number of OPAL EQS tables can he attributed to the computation time 

which is quite significant while niodelling stars iiìore massive than ().81I. . The review we have 

discussed here, is based on different components of plasnnas such as the electrons and iiuclei 

(Rogers, 1994). We can sunimarise the activity expansioli method that sets up the OPAL EQS 

by mentioning the fohlowiiig key physical steps; 

The method begins from the standard multicomponent arrangement. this arrangement is 

a (onlplete one with all possibilities of species (electrons and ions) arrangements. 
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. The terms can be collected again leading to screened cluster co-efficients as in equation 

(1.13). 

. At this stage the classical Boltzmann factors can be restored in the standard inulticompo-

nent arrangement. 

1.1.4.4 The OPAL EOS Tables 

The OPAL EQS and OPAL opacities have been used to model stars. The first tables produced 

with a high quality grid were the 1996 OPAL EQS tables (see Rogers, Swenson & Iglesias, 1996). 

This is in comparison to the 1994 OPAL EQS tables by Rogers (1994). The OPAL EQS tables 

have primarily been used to model the envelope of stars. These are regions of stellar interiors in 

which we can still find atoms. The atoms are not disturbed by the sorrounding plasma (Seaton 

et al. 1994). The OPAL EQS tables cover a wide range in mass and include low mass stars. In 

spite of Charbonnel et al. (1999) having had challenges in using the OPAL EQS tables for less 

massive stars than 0.8 M, the tables have been made available for main sequence stars with 

mass greater than 0.1 Mu  (Rogers & Nayfonov, 2002). Also, the range in temperature-density is 

quite broad, thus aiding in studies of maul sequence stars with masses greater than 0.8 M. In 

addition the same EQS data can be used for more massive stars. These massive stars are usually 

made up of significantly more non-ideal plasmas (Rogers & Nayfonov, 2002). The physics that 

drives this niethod is that of the interaction of nuclei and electrons clue to a Coulomb poten-

tial. The interaction is widely known as the grand canonical ensemble of these species (Rogers, 

1994). According to Seaton & Badnel (2004) this ensemble uses interpolation methods that can 

be explained by concepts of corresponding states. By corresponding states, we mean clusters of 

electrons and nuclei and electrons corresponding to ions, atoms and molecules (Trampedach et al. 

2006). The OPAL ol)acitieS  and the EQS were developed at the Lawrence Livermore National 

Laboratory by Iglesias & Rogers (1996), also see Rogers & Iglesias (1992) and Iglesias et al. 

(1992) for more insights. A detailed EQS has proved necessary for the evaluation of occupation 

numbers used in opacity calculations. These opacity calculatiomis clone with OPAL have aided 
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us in advancing the theoretical models of stars. This has been done by providing EOS data 

that is consistent with the already available opacity tables as hinted by Rogers et al. (1996). 

Furthermore, the role that has been played by OPAL EQS tables in helioseismology studies has 

been that of providing highly accurate thermodynamic derivatives (XT & X) of the EQS. How-

ever. Lin & Ddppen (2012) caution that the use of the pre-tabulated tables has disadvantages. 

Some of the disadvantages include the interpolations in the tables introducing errors and that 

the chemical compositions used have to be in line with the tables used at that time. For instance, 

according to Turcotte et al. (1998) the OPAL EQS could not be used to curb the shortcoming 

of the EFF EQS in handling the coulomb correction due to the fixed composition it has with the 

tables. 

What is vital for this type of EQS as emphasised by Rogers et al. (1996) is that a large part 

of the stellar interior is largely made up of multicomponent plasmas. To evaluate such stellar 

regions one would expect the EQS to cover a significant range of temperature and density for 

different stellar compositions. The differences in composition includes elements that are heavier 

than Neon and are not dominant over the EQS results. The OPAL EQS tables cover the hydro-

gen mass fraction of typical range 0 < X < 0.8 and the metallicity with ranges 0 < Z < 0.04. 

In addition, the calculations of OPAL EQS include several quantum processes such as pressure 

ionisation, imon relativistic Fermi-Dirac electrons, all stages of excitation and ionisation, degener-

ate Coulomb corrections, quantum electron diffraction, electron exchange and terms arising from 

ladder diagrams of quantuin theory (Trampedach et al. 2006). When electrons interact with 

aligned and anti-aligned spins, this results in the energy difference hence we have the electron 

exchange energy (Guzik & Swenson, 1997). The results of the EQS calculations is a table which 

has temperature-density ranges of 3.7 < log T < 8 and -14< log p < 4.9. These ranges are shown 

in Figure 1.2. 

When calculating the OPAL EQS we use an auxiliary code for interpolation in temperature NO, 
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Figure 1.2: A plot showing the temperature-density range covered by the OPAL EQS 

tables. The model tracks for stars of mass 0.5 M 0.8 Mc. 1.0 M. and a RGB star are 

also shown. The solid line is for purely radiative stars while the dashed lines indicate 

convective stars. Taken from Rogers et al. (1996) 

density (p), composition (X) and the rnetallicitv (Z). The interpolation used here does not often 

result in errors that are significant .Ariy error that may arise will he one closer to the edges of 

the range of tables that are being used. Another method that is used by the OPAL approach is 

that it makes use of a single configuration wavelengths functions. This means for example that a 

single electron has its orbital calculated using potentials that are arranged experimentally. This 

results in a good matching with energy level data (Seaton m Ba(Inel, 2004). Figure 1.2 shows 

the OPAL EQS data tables produced for astrophysical applications. The application shown is 

that of the stellar evolutionary tracks for three stars of masses 1.0 M. . 0.8 M . 0.5 M and a 

RGB star. More import antly. the tabulated dat a for temperature as a function of density can 

he used for calculating various second order quantities snmcli as temperature exponent and the 

density exponent (Rogers et al. 1996). Furthermore, points to the left of the dotted line lyinig iii 

the ranges -14 < log p < -2 and 4.0 < log T < 8 may not he in local thermodynamic equilibrium 

As shown in Figure 1.2, stars with masses 	0.8 M. fall outside the temperature and (leilsity 
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range over part of their tracks. The models presented are convective and radiative. The solid 

line nidicates a star that is radiative and the dashed line indicates a star that is convective. 

By dividing the tracks into radiative and convective stars, it is shown that the OPAL opacity 

tables can extend to stars below 0.8 M.. The jagged edge towards the high densities and low 

teniperatures has been attributed to an attenipt that was made to limit the plasma conditions 

due to weak electron coupling, where Rogers et al. (1996) are confident that the physics used is 

well within the limits of validity. 

Rogers (1981) states that the sequence that has been in use to evaluate the new EQS tables 

should be more accurate for stellar tracks with masses M > 0.3 M; while (lecreasilig for less 

massive stars. There are errors accounted for in OPAL pressure calculations. The highest degree 

in error that can be reached by the OPAL niethod for non-ideal pressure calculations should be 

smaller than 5 W for parts that are non-ideal when one looks at the M=0.3 M track (Rogers 

Navfonov. 2002). 

According to the results of the evolutionary tracks models for low mass stars by Di Criscienzo 

et al. (2010). the OPAL EQS was found to be a good estimate in a wide temperature-density 

regions for low mass stars. However, Rogers et al. (1996) had difficulties in extending the tables 

to much higher temperatures of the order 1 9•  This was (Inc to pair production being a significant 

factor. OPAL interpolate(i data has been found not to be smooth and a need for tabulation of 

data on a iiiore finely spaced temperature-density grid has been suggested. Also, the tables of 

Rogers et al. (1996) could not, be extended to much lower temperatures below 5000 K due to 

nunierical problems encountered when the electron density falls to very low values. The OPAL 

EQS tables provi(Ie the following outputs: 

Pressure 

Jut ernal Energy 

Entropy 



Chapter 1. fnfroduction 	
31 

)gP Thermodynannc variable (temperature exponent), XT = (lo log r )p 

Thermodynamic variable (density exponent), 	( alog ) T 

The first adiabatic exponent, F1 = ( oP)s  

The pressure derivative at constant entropy, 

The temperature derivative at constant entropy. F3  1=( g )s 

The specific heat capacity at constant volume. Cv =OT ()v 

From these outputs. the specific heat capacity at constant pressure can be calculated as. 

P 
CP=—----+Cv , 

and the adiabatic temperature gradient as 

F3 -1 F— i 
Vad 	

= F2  

The derivations in the following subsections, are for the OPAL EQS treatment. 

1.1.4.5 Therinodynamical Properties of Matter 

The laws of thermodynamics are fundamental in the work carried out in the stellar interiors, this 

is according to Cox & Giuli (1968). The assumption made in calculating the thernnodynanuc 

quantities is that there should be complete ionisation (Stoltmann & Blocker. 2000). Fiirtherniore, 

thermodynamic variables are made available by a well defined system. This s ' ystein includes the 

pressure, the internal energy, the density exponent and isocronic specific heat (Stoltmann & 

Blocker, 2000). The isocromuc specific heat is evaluated with the volume kept constant. Other 

thermodynamic quantities such as the Isoharic specific heat and the adiabatic gradient can be 

determined from the temperature exponent and the density exponent. The isoharic process for 

a specific heat is determined in the pressure and volume range. This process coImnects the initial 

and final statistical states. When this happens there could be an expansion or compression, 

(lepending where the expansion mode goes to. The significance of determining all these thermo-

dynamic quantities is that we will in all likelihood model a star accurately. The star modelled, 



Chapter 1. Introduction 
32 

will have different physical conditions under different evolutionary stages. Stoltniann & Blocker 

(2000) have provided a base systein which can be used to derive and determine other thermo-

dynamical quantities. When modelling stars, it is a necessity to compute all thermodynamic 

qualit ities. 

For our research work, the thermodynamics properties for the OPAL EQS are continuous func-

tions of temperature and density. For our computational task we have used the OPAL EQS 

tables. the ATLAS9 programme and we relied as well on analytic formulae. For example the 

formulae of specific heat capacity (Cr) that will be derived shortly proved useful as it had the 

accuracy of producing similar profiles between OPAL EQS and ATLAS9 EQS. The iniportance 

of this thermodynamic variable (Cr ) is that they aid our understanding of degree of iomiisations 

for stellar matter (Stoltniann & Blocker. 2000). The specific heat of a systein in general terms 

is the amount of heat (dQ) that must be mcluded to a system in order to raise the temperature 

(T) of the system. In other words the specific heat is given by 

where (T is the constant of differentiation (Cox & Giuhi, 1968). The small heat gain by dQ is 
given by 

(IQ = ciE + PdV, 	 (1.19) 

which is also called the first law of thermodynamics The specific heats at constant pressure 

(Ca) and volume (C.) have been the most widely used and they are 1)0th given by the following 

respective equations 

c= 
(( IT ) P . 	

(1.20) 

Cv 
	((IQ) 

v• 	
(1.21) 

When a system that is being described is complex, additional conditions must be included to 

make the specific heat meaningful (Cox & Giuli, 1968). For a system that is not complex, the 0 
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specific heat hold its nieaning. This is doiie with a condition that all the numbers N for each 

particle are held constant. To carry out the derivations of thermodynamic variables we have 

assiuned the system to be simple. Furthermore, the system has states that are evaluated by 

other state variables in P, V and T. Using equation (1.19) and the volume per unit mass given 

by V = we easily show that the first law of thermodynamic may be written as 

dQ = cLE + Pd(). 
	

(1.22) 
PI  

now (lifferentiatmg the second part of this equation, we can also show that 

dQ = dE - dp. 	 (1.23) 

To give an expression for the specific heat at constant volume, we recall the form that is assumed 

by the internal energy per mole of a non degenerate gas, hence we can write the specific heat 

capacity given by equation (1.21) as follows, 

(dQ - 	= 	
(1.24) cv 

= 

	(OE) 	dE.  
(IT 

This specific heat capacity according to Cox 	Giiili (1968) does not usually change significantly 

for a gas that is non-relativistic and non-degenerate. The specific heat at constant pressure 

(ca ) can be determined as follows. We consider a gas with temperature and pressure to be 

independent variables. Differentiating the EQS for an ideal gas we deduce the following equation 

(L(PV) = PdV + VdP = PT. 	 (1.25) 

where R is the universal gas constant. In re-arranging the above equation, we can equate the 

resulting equation to equation (1.19) as follows 

(i(PV) - VdP = PdV = dQ - dE, 	 (1.26) 

but jp = CL dT. this implies the above equation becomes 

d(PV) - VdP dQ - C1dT• 	 (1.27) 
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Equation (1.27) can he re-arranged as follows 

(JQ = (1(RT) - vdP + CL,dT. 	 (1.28) 

and finally we arrive at 

dQ 	dT(R + Ci.) - VdP. 	 (1.29) 

dividing throughout by dT, we get 

(l'Q 	dP 

for constant pressure we have 	being zero. Also, recalling that 	is the specific heat capacity eIT 

at constant pressure. The above equation can finally be re-written as 

C=C+R. 

We can further express the specific heats with respect to the unit mass. To (10 this we proceed 

as follows, we recall equation (1.23) given by 

(/Q = dE - dp, 
p 

The energy of the specific heats can he expressed as a function of pressure (P) and temperature 

(T) respectively. Therefore we can re-write the above equation as follows 

dQ =  OE 
 

()T' + ()
r - dp. 	 (1.31) 

where (ip can he expresse(l as 

(ip 
= (

dP + 
() 

(IT, 

substitutijig this in equation (1.31). we now have 

(IQ= 	
OE 

[()' 
 	OE) (IT] 

- 1G)T I 	
(O(1, T 	(1.32) 

Opening the brackets and collecting like terms we can easily show that 

P (Dp 	 /DE 	Pap ( 	N")T)T 
dP+ 	 dT, 	 (1.33) 
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We can now (livide throughout by (IT to get the following equation 

dQ - (DE 	

P ( 0'0  

(Dp 	dP (DE 	P Dp dT 
(IT 

- 	 p2 	(IT + 3T) ) TI p2 DT dT' ) T — 

It can he noted that 	is zero again at constant pressure and 	is Cp, this means we finally 

end up with the following equation 

(IQ 	(0E 	P (Op) 	
(1.34) 

From the expression derived above for the specific heat at constant pressure, C, we can first 

express the derivatives () and 
(T)P in another convenient form. This is (lone with a view 

to relate the specific heats Cp and C. Cox & Giuli (1968) writes latter expression on equation 

(1.34) as. 

a-  P P\T 
= 	.  

with 

/0lnP\ 

	

YT 
= 3lnT), 	 (1.36) 

and 

01 (Ol 

	

n P 

)T' 	
(1.37) 

where equation (1.36) is the temperature exponent and equation (1.37) is the density exponent. 

and this is the pressure equation of state. The derivative () P  in equation (1.34) (an be chaiiged OT 

into ailothier form as f1lows. With the energy, E(P(p, T), T) as a imre fimction of Pressure (P) 

as flote(I by Cox & Giiili (1968). We can then express the change iii energy as 

(1E =(OE) [(OP)O(IP+ 

()

Op 
ir] +()r.  

dividing by dT and simplifying we can re-write this equation as 

(0E P  = (

OE(OP 

\ (DE\ 

)T 	p  

	

)+ 	). 	 (1.39) 
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\'Ve can re-write equation (1.39) as follows 

(0E P  = (OE) 	/0E (OP\
n 	)T7)' 	

(1.40) 

also, recalling equation (1.34) given by 

dQ 

O= 
	

- 
E 	P (Op)  

- 
we can substitut,e equation (1.35) in equation (1.41), to get the following equation 

(E 	P 	p ( IT)Cp1j
(1.42) p T 

This equation then simplifies to 

CP = (OE)p+ 

(), p T (1.43) 

and using equation (1.40) in equation (1.43) we get the following equation 

Cp = 
(OE) p  (OE. (0P 	P 

- ) 
(XT),  

) + (1.44) 

recalling the specific heat at constant volume (C = ()) and substituting in the above equation, 
we finally have 

(E 	I 0P P Cp 	Cv 
- _),  - 

(\T 

from equation (1.45) 

(0E(3P - E 
dP} 0T) - 

(OhiE 
T 	01np} 	' 146 

as highlighted by Cox & Giuli (1968), we have 

dinE P 
dlnp 

= -(T - 1) 
f)E  (1.47) 

this implies equation (1.46) becomes 

(0E 	(
OP) p  E 

= 7 
( 	P 

( 	- 1) - (1.48) 
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Substituting equation (1.47) and (1.48) in (1.45), we then have 

XT\ c=c- 	— ( T -1)J j+— 
T \pE 	 j; pT V p  

this equation reduces to 

(1.49) Tp 	\P) pT 

opening the brackets and simplifying the right hand side of equation (1.49) we can easily show 

that 

(1.50) 
pT 

The adiabatic exponents are important in our understanding of questions related to the stellar 

interiors. For example there are different roles played by 171, F2  and F3, with F1  aiding iii our 

understanding of the dynamical instability concept. F2  helps in studies of convective instability 

and F3  helps in studies of pulsation instability. For the adiabatic exponents, we recall that from 

the first law of thermodynamics a relationship exists between differentials such as dP, cIT and 

dp. The relation shared by these differentials for an adiabatic are explained by the adiabatic 

exponents. 

F1= 
 ((Illlp) 	

, (1.51) 
d inp (Id  

and the third adiabatic exponent is given by 

(dlnT\ 
F3-1= ( 	) 	. 	 (1.52) 

din p 

where the subscript ccci indicates that the derivatives are calculated for the adiabatic case. There 

is a general relationship between all the gammas and this relation is given by 

F2  
F3 -1 [2 -1 

This implies that when at least two of the gammas are known the other one may he (leternnned. 

Furtlierniore, when the EQS is described, only one gamma from the three gammas may not 

depend on the other two. In this case. the EQS is specified when Vp  and kT  are known. From 

this the known gamma may aid in deternuning the,other unknown gammas. 
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1.1.4.6 How OPAL EOS are calculated 

The OPAL group developed both the EOS tables and the opacity tables. The difference between 

the two is that the formats used are different because the data that is used in the OPAL method is 

usually tabulated in the temperature (T6 ) and density (p). The EOS tables have been developed 

from the previously established updated EOS and EOS plus tables (Rogers et al. 1996). The 

data is tabulated for various stellar compositions. For instance the elements heavier than helium 

(Z) can take values Z0.0, Z= 0.02 and Z=0.04 and those composed of hydrogen can take values 

X=0.0, X= 0.2 X= 0.4, X= 0.6 and X= O.S. The hydrogen table is available as well at X= 1.0 

and Z0.0. The iiiterpolation is done as follows, we have a data file that could be represented by 

IEOS002ZO8X.gz. where Z= 0.02 and X0.8. Furthermore, there are codes used to interpolate 

the data and one of the codes is named Z-interp-IEOS.f that creates the file IEOSdata.gz. This 

data is subsequently iiiterpolated in X, T6  and p for a fixed value of Z. This is done by the code 

Z-interp-IEOS.f. Test calculations have been done to verify the validity of the interpolatiomi. The 

derivatives of the EOS tables have often been calculated with a thin temperature and density 

grid (Rogers et al. 1996). The problem that arose before has been the large amount of time 

required to calculate the hydrogen and heavier elements mixtures. 

1.2 ATLAS9 Program 

ATLAS9 is d FORTRAN coniput er prograin that is used to calculate stellar niodel atmospheres 

or modify a pre-existing model. This program models stellar atmospheres in both the radiative 

and the convective equilibrium. These models are produced for a wide range of stellar effective 

temperatures and surface gravities. Accordimig to Kurucz (19710), the atmosphere modelled is 

subject to several approximmiatiomis which include plane-parallel, steady state, horizontally ho-

Inogeneoums. non moving atmospheres with energy and the respective abundances not chamiging 

with respect to the depth inside a star. By plane parallel we iuiean that the thickness of the 

I)hotosphere is much smaller than the radius of that star and the surface gravity is relatively 

41 
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constant in the entire photospliere. By steady state we mean that the stellar properties remain 

constant with respect to time and the homogeneity implies physical quantities change with opti-

cal depth only. According to Kirby (2011) the ATLAS9 model atmosphere starts with Opacity 

Distribution Functions (ODFs). The inportance of using the grids of stellar models is that we 

will determine the stellar observations and their basic parameters as stated by Trampedach et 

al. (2013). Ftirthermore, the atmosphere of the star, the evolutionary stage and the oscillation 

properties of a star are important for studying the complicated nature of stars (Cugier, 2012). 

The approxi nations mentioned above mean that the atmosphere is relatively stable with no out-

burst activities like stellar winds on the stellar photosphere. Furthermore, the atmosphere can 

be used to computationally calculate synthetic spectra as it has been presented by Kurucz (1979) 

and Kirby (2011). However, we should he mindful as well that it is computationally expensive 

to generate a stellar spectrum. Researchers have instead adopted an approach of investing the 

computational resources upfront by generating a grid of synthetic spectra (Kirby. 2011). Addi-

tionally, in ATLAS9. the hydrostatic equation is determined using known tables of Rosseland 

mean opacity for a specific temperature, gas pressure and fixed abundances (Stutz, 2005). In 

order to carry out the calculations in our ATLAS9 models, we have used grids for models with 

400 plane parallel layers. Our models were calculated with convection switched off. 

Kurucz (1970) explains in detail the physics that has resulted in the FORTRAN source codes 

used in ATLAS9. Hence using ATLAS9 requires one to have a good understanding of the physics 

that forms the fimndammiental basis of the codes. The physics involved has remained unchanged 

for a number of years with the exception of niore opacity lines added. The ATLAS9 program has 

over the years produced synthetic spectra that compare well with spectroscopic observations (see 

Kirby 2011). The ATLAS9 routines are often anlell(Ie(I by the user and for our purposes, once 

modified successfully, ATLAS9 will aid in our (plest for matching imiodel atmosphere to those of 

the envelope. ATLAS9 has been deemed as the last version before ATLAS12 that solves mod-

els with the opacity distribution fllnction (Castelli, 2005). The models are restricted to certain 
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abundances and micro-turbulent velocities. These are used in calculating the pre-tahulated line 

opacities (Castelli, 2005). 

The ATLAS9 program has also played a role in calculating line by line (LL) models of stellar 

atmospheres. The role has been that of providing main program blocks that use direct treatment 

of the opacities (Stutz, 2005). This results in accurate description of the line absorption. Fur-

therniore. such program blocks have been useful in the (levelopinent of new software packages. 

This software determines atmospheres and Local Theririoclynainic Equilibrium (LTE) models 

for young stars and intermediate types. The LIE models are often considered good estimates 

for pliotospheres of stars that do not have significantly high temperature or large dinmensions. 

According to Shulyak et al. (2004) this was done with the LL method that computes opacity 

effects. Also. ATLAS9 calculates the line opacity using ODFs and this makes computation easier 

to handle as noted by Meszaros ct al. (2012). The LL MODELS atmosphere code has routines 

developed to investigate and calculate opacity line by line. By line by line we mean calculating 

the line absorption using a very accurate wavelength grid. What we can get out of this method 

is a spectrum that is shown with finer details. Furthermore, the LL MODELS atmosphere code 

has routines developed to investigate the visible patterns in the stellar atmosphere for peculiar 

A-Stars (Stutz, 2005). 

The models that will be iimplemented for our purpose will be radiative. The significance of this 

as Kiirucz (1970) argues is that the radiative field may be determined. A benchmark that has 

been used for a good model is that the model has to converge to a constant smaller flux error 

and the conservation of the radiation equilibrium. For our purpose we have tested convergence 

by doing 15 iterations and checki mg the difference in the flux and flux derivative for the last two 

iterations. We did more iterations when the ('riteriomi for convergence was not met. The first 

criterion has been (leduced not to be sensitive to temperature variations for the optically tiun 

layers (Stutz, 2005). The A-stars we have irmodelled seldom infringed the convergence criteria 

which means their atmospheric parameters agreed to an extend with ATLAS9's adoption of hy- 
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(Irostatic eqtiilihriuin (Kirby, 2011). The ATLAS9 progranime can treat the convect ion process 

by using the Mixing Length Theory (MLT) with u = 1.25. Castelli et al. (1997) calculated 

the other free parameters for the grids used for ATLAS9 models. These are other parameters 

which include the mixing length parameter 1. The other parameters that are examined are those 

included when the convective flux, convective velocity and efficiency parameters are calculated. 

Another parameter that can be considered is that when the convective velocity is calculated. 

According to Castelli (1996) this convective velocity is derived by using the relation between the 

kinetic energy and work done on convective element. This convective velocity is given by 

- - /k11Q(7'- ) I 
I - 
	

( 1.54) 

from the equation above, k1  is the free parameter, g is the gravity, V'  is the temperature gradient 

with respect to the pressure of the convective elements, 7 is the temperature gradient with 

respect to the pressure of the sorroundmg matter, H is the pressure scale height and Q is given 

by flnT  This parameter regards any work that is separated by frictional forces. For instance 

the convective flux it is calculated as 

47H(.QflV  = kcT(7' - 7) 	 (1.55) 
HP 

where k is the free parameter and it has a value of 0.5 if we look at motion of bubbles in the 

upward and downward direction. Furthermore, the code incorporates oversliootmg (Castelli. 

2005). In addition, previous studies done by Lester 	Neilson (2008) have changed the plane- 

parallel ATLAS9 routines. This has been done by adding for instance the spherical modification 

to the radiative transfer region as well as temperature correction. Also, there have been new 

Opacity Distribution Fumictiomis (ODFs) added for a few metallicities calculated. According to 

Castelli 	Kui'ucz (2004) there have been small chlailges in a hiaiidfiil mImI)er of atomic and 

molecular (lata. In J)I'il('tise the niodel atmospheres are calculated using atlas9mnem-newodf.for 

and the spectra are calculated using atlas9v.for. Therefore, in our modificatiomi we had to uiodifv 

both programs. 

6 
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1.2.1 ATLAS9 EOS 

The equation of state described in this subsection is the type of EQS we have modified, hence 

we discuss the physics that developed the EQS and the algorithm of our interest. The pressure 

in the atmosphere is one of the requirements of the EQS. It is therefore fitting, to discuss how it 

is calculated in the stellar atmosphere as described by the ATLAS9 program. 

1.2.1.1 Stellar Variables 

A stellar mass element is subject to a particular motion described by the equation 

c!2.r 	1Ptota1 
dt2dx —pg, (1.56) 

where 'tota1  is the total pressure in the atmosphere, p is the density, x is the radial distance 

within a star and g is the surface gravity given by g = L• The surface gravity is constant since 

the atmosphere is assumed to be thin with an insignificant mass. With the acceleration on the 

LHS of equation (1.56) ignored, the hydrostatic equilibrium equation becomes. 

d.Ptotai  

(I.E 
= —gp' (1.57) 

If the total mass of a star Al is in independent variable, we can then multiply both sides of 

equation (1.57) by 	and re-write equation (1.57) as 1171 

(Iptotal 

(IAI 
= g (1.58) 

The stellar surface region allows us to use the boundary condition, P(Qfal 	Pru 	0 at rn = I. 

Then we can easily show that 

'fotaI = gAl, 	 (1.59) 

This total pressure is given by 

P11 	jas + Pfurb + Pad' 	 (1.60) 

where 	is the gas pressure. Pfrb is the turbulent pressure and Prad is the radiation pressure. 

According to Kurucz (1970). the turbulent effects due to gas motions often cause the turbulent 



Chapter 1. Introduction 	 43 

pressure and this pressure can be calculated as 

Pturb = 1 Prb, 	 (1.61) 

where 1 tLrb is the turbulent velocity. The models we produced in this thesis use zero turbulent 

velocity. 

1.2.1.2 Calculating Pressure for a Specific Temperature 

In calculating the pressure for a specific temperature, we need an initial temperature estimate. 

This estimate is for a specific optical depth. After lengthy calculations the total pressure (P101 ) 

can be computed as well. The quest ion that may arise is how the initial temperature is estimated. 

This is (lone by using the Hofp function for temperature (T(r)) as (lone in the ATLAS9 code. In 

carrying out the derivation we start at the pressure balance equation given by equation (1.57) 

This equation can be re-written as 

(IPe)tal 

dv 
(1.62) 

where T is the optical depth, K is the opacity and g is the gravitational acceleration. Before 

carrying out the integration of equation (1.62), the initial values of 1(v), Pturb('r) and Prad(T) need 

to be known. The opacity and optical (lepthlS are inferred for regions closer to the surface (Kurucz, 

1970). The integration is carried out while being mindful that the pressure and the optical depths 

change significantly from the tcj) of the atmosphere to the bottom of the atmosphere (Kurucz. 

1970). Hence this calls for equation (1.62) to change its form to a logarithm one. This is (lone 

by using the logarithm differentiation (11am rule to arrive at. 

(Ipfotal =  Poj  d In Ptotal 	g 	
(1.63) 

d'r 	y 	dln'r 

niultiplying both si(les of equation (1.63) by ---i , we now have 

i lii 'tota1 -  

(11111 - 
(1.64) 

We can theui use the integration for the stellar surface (v = 0) to the first T in the atmosphere 

layers. In this case h is assmned to be comistant (Kurucz, 1970). The iteration in the opacity 
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factor () carries on until the difference between new total pressure 	and the old pressure tal 

(P
old 
tota1) is sufficiently small. The mathematical description of this is in the following equation. 

in pfleu! 
- ln potd <0.00005  ota1 	total i 

The mass density is calculated by appreciating that the mass density comes from the atomic 

number density and the mass of each atom. Therefore recalling that by definition the average 

atomic weight is 

(1.66) 

where Xi is the hydrogen fraction by number and Wj is the mass of each Hydrogen atom. This 

implies the mass density becomes 

() = \4 [1 'A 	 (1.67) 

where \4 is the Avogadros number, p is the average atomic weight and 114 is the atomic mass 

unit. 

ATLAS9 also calculates the specific heats at either constant pressure or volume. These specific 

heats are given by the following equations 

(1.68) 

where E is the energy per unit mass and T is the temperature. The energy is calculated is 

follows, for a particle of mass in, at a position x.y and z. These are three (3) components and 

they each contribute K1 T. This implies the total energy for the components is given by KBT. 

The energy due to the radiation pressure is given by Prad. The total energy for a given mass is 

then given by the energy (lime to the ideal gas, radiatiomi pressure, ground energy and the internal 

energy (Kurucz, 1970). In an equation form this can be writen as 

E = 	
fltOt(LIKT + 
	+ ., Ej + (~

n~) 
AT] 	 (1.69) 
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The temperature from ATLAS9 is calculated as follows. We use the Hopf function as an initial 

estimate to the temperature T(T). This initial estimate of temperature is given by 

	

= 	 (1.70) 

where T is the temperature, T ff  is the effective temperature, 'r is the Rosselaiid optical depth 

and q(r) = 4 for the Eddington law. As stated by Audard et al. (1998) the temperature (T()) 

relation does not include convection while the radiation factor depends oil frequency. The specific 

heat at constant pressure is givell by 

OE 

	

CP 	
3 (P01  

= (OT 	OT p 

where P01  is the total pressure and p is the density. This equation can then be reduced to 

	

(OE) 	 ota1 (3P

3T 	p2 	0T 	
(1.72) 

tOtaI 

These specific heat equations can be further expressed in much convenient way for calculations. 

For this to be possible we use a matheniatical identity which is usually expressed as follows. For 

variables it, t' and y,  that identity may be expressed as 

Of

(

(f Iv\ 

- (L - 	 ( 1 3) 
Ou), - 	0u)y 	OL  ) 

Now using this identity we can write the specific heat capacity at constant volume as follows 

OE), 	 ()E' 

	

( 	- ( 	 )F'OE) !T ".i)TIP 	
(1.74)) 

()T  

Also using the same identity, the specific heat capacity at constant pressure can be calculated as 

follows 

)E 	)P 	 (aP  

(OT 

0E 	 ( 	)/, P1 (OT d 	 dT= 	

(OP ) T 	
1)2 - 	

) T 	

1. i 

Now when the turbulent pressure is ignored with radiation pressure ('hanging as T 1. this means 

t lie ii 

(
0"tota1 

)=i 	 (1.76) 
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The adiabatic temperature gradient is given by 

(
Vad 

DinT) 	Pfotj (Dlnp) 	
(1.77) = 	din P 	Tc Dlii T 

Density Derivatives are calculated from Opacity tables. These tables are pre-tabulated and are 

iicluded in the Rosseland mean opacity tables. 

1.2.2 Limits of ATLAS9 EOS 

The modified ATLAS9 version differs with the original ATLAS9 code with respect to the treat-

ment of the physics in both the old ATLAS9 and new ATLAS9. In this section we outline some 

of the shortcomings endured by the ATLAS9 EOS. These are the limits of the ATLAS9 code 

for the model atniosphere. According to Kurucz (2005) the code was written by assuming that 

a star has no waves and no magnetic pressure, to mention just two limitations. Also, the EOS 

for ATLAS9 does not exist for POPulation I abundances at lmv temperatures (Kmirucz, 2005). 

Furthermore, the EOS does not consider high ionisation stages for the iron group at extremely 

high temperatures. Also, the temperature at: the bottom of the model is twice or more than 

the effective temperature with problems encountered for Teff  60 000 K. Unlike the ATLAS9 

EOS, the OPAL approach to the EOS is that of using statistical niechanismn of relatively ionised 

plasmas (Cugier, 2012). Also. the OPAL EOS now includes the relativistic degenerate electrons 

and for our purpose this is vital for the stellar models we have calculated. The previously ne-

glected relativistic corrections in the OPAL 1996 EOS tables have for instance resulted in the 

over estimation of the 171  variable for stellar central regions (Baturin. 2010) .ATLAS9 codes ware 

primarily created to (10 near exact physics for near exact observations. 

1.3 Stellar Structure Equations 

In the subsections that follows we discuss the key role that is played by the EOS in stellar 

structure equations. We also discuss how other stellar structure equations are derived and how 

they link to our research work. 
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1.3.1 Role of the EOS in Stellar Structure Equations 

One of the important factors that determine the structure of stars is the balance between the 

energy that is lost at the surface and the energy produced at the core by nuclear reactions. The 

balance of the gravitational force and the pressure force is usually referred to as the hydrostatic 

equilibrium. This balance of forces gives a relation between the pressure gradient and the acceler-

ation due to gravity. Furthermore, there are other important factors that are essential for stellar 

structure and evolution such as basic physics coupled with equations to explain the dynamics 

within stars. Consequently, this aids us in our quest of understanding the structure of stars. 

The stellar structure is determined by four basic first order differential equations, hereafter re-

ferred to as Stellar Structure Equations (SSE). For such equations to be useful for modelling 

stars, they need to be supplemented by the EOS, knowledge of stellar opacity and the stellar 

boundary conditions. Theoretical models generally begin by assuming a star to be in a state of 

hydrostatic equilibrium. Using the basic law of gravity and Newton's second law, we can derive 

the following SSE as follows. At the centre the temperatures are extremely high and the pressure 

will inevitably be high. This is illustrated in the following equation as follows. 

dP 

CL7 
= —gp, 	 (1.78) 

where P is the pressure, g is the gravitational acceleration and p is the density with the gravi- 

tational acceleration given by g = 	we can re-write equation (1.78) as 

(1.79) 

If we assume that M(r) is the independent variable, this implies that the hydrostatic equilibrium 

condition can be deduced by multiplyiiig equation (1.79) by 	=- 	. This equation reduces 

to 

0P_ CM 

3m - 4.4 (1.80) 

The second SSE is the mass conservation equation and describes how mass varies with the radius 
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within a star. This equation is given by 

(iMr 	2 = 4r p  dr 

From equation (1.81), we can deduce that, the mass contained within the radius r increases from 

the stellar core to the surface. 

The third SSE that will be described is the energy conservation equation. Taking into consider-

ation the energy flow across the sphere with radius r and the total energy generated in the shell, 

one can then deduce that for the gas to be in thermal equilibrium the radiation loss riiust be 

equal to the energy gain generated by nuclear reactions. This leads to the following equation 

dL 

dr 
= 4 2r   (1.82) 

where E is the energy generation rate and Lr  is the stellar luminosity. What should be noted is 

that e(r) applies necessarily only to main sequence stars. When we have a shell burning, €(r) is 

non-zero in shells away from the core. From equation (1.82) we can deduce that the energy flow 

rate L increases outwards. 

The fourth and final SSE is the energy transport equation which describes how heat naturally 

flows by radiation and convection from the core to the surface. The equation is given by 

- 	3t(r)p(r)L + F
c,, 	 (1.83) 

dr - 4ac T? 471.2  

Where Tr  describes how the temperature varies as a function of radius in a star, (r) is the stellar 

OI)acity, Lr  is the stellar luminosity, a is the radiation constant and F is the convective flux. All 

four SSEs above have four primary variables Air , P, Lr  and Tr . These variables are all functiomis 

of r. The variables P and e are functions of density, temperature and composition. We can then 
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express the SSEs in terms of a single independent mass variable Mr  as follows 

dr 
= 

1 
(1.84)  ' 42 

dp - GM 

47r7-4 ' dMr - - 
(ILr  

= €(T,p,X1 ), (1.86) 

dir  3 	i'iLr 	F 
- + (1.87) 

(IMr  4acT162r4 	4nr2p' 

we now have four differential equations with five variables, r, P, Lr , T and p. Thus the system of 

equations is unclosed and depends on E and K. To close the system one needs to relate at least 

two of the variables. This then calls for the EOS as it relates P, p and T. For our purpose, we 

make use of OPAL project for tables of EQS. 

1.3.2 Physics of the Stellar Pulsations 

The radial and non radial oscillations of a star that pulsates are due to the sound waves that 

resound within a star. Using the diameter of a star we can easily deduce the pulsation period 

by observing how long it would take a sound wave to go accross this diameter (Carol & Ostli, 

1995). The adiabatic sound speed is written as 

(1.88) 

where P is the pressure. p is the density and 'i  is the adiabatic exponent. Now recalling that 

the hydrostatic equilibrium is given by, 

CAIr2  

(IT 	 f) 
(1.89) 

we (,,in then use this equation to deduce the pressure by assuming the density to be a constant. 

In equation (1.89) Al, is the stellar mass with radius r, p being the density and P is the pressure. 

Substituting the mass AI= 7rr 3 p in equation (1.89), we now have 

14 
 dP -  (r3p)p 

= _Gp2r, 
3 
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it is now a trivial matter to integrate equation (1.90) by using the boundary condition P = 0 at 

the surface to arrive at the following equation. 

P(r) = 	cp2(R2 - r2), 	 (1.91) 

The pulsation period is then given by 

H2 R
Jd 

	 d 
—2I '8 	7Gp(R2 - 1.2) 

What we can deduce from equation (1.92) is that the pulsation period of a star is inversely 

proportional to the square root of its mean density (Carol & Ostli, 1995). 

1.3.3 Theory of Stellar Oscillations 

Stellar oscillations are generally thought of as a perturbation in a fluid. The gas in propagation 

is considered to be a continuum with its properties being a function of displacement (r) and time 

(t). When we assume that stellar gas is treated as a continuum, then its properties can be thought 

of as functions of position r and time t. The properties include the local density p(r, t), local 

pressure P(r, t), other thermodynamic quantities and the local instantaneous velocity v(r, t), 

where r signifies the position vector to an assigned position in space and this representation is 

what is seen by a stable observer (Aerts et al. 2009). We will use the basic hydrodynamics 

equations in the following subsections and apply some perturbations. 

1.3.3.1 The equation of continuity 

The SSE are 1-D version of fluid dynamics equations. Given that the mass is conserved, we can 

express the coiltinuity equation as 

ap + (LU] (pv) = 0, 
ot 

(1.93) 

where p is the density, v is the velocity of the fluid and t is the time. The conservation in the 

equation is seen with the right hand side of the equation having no mumass sources. This is the 
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standard Conservation equation where there is an equal rate of change of a quantity in a vohmie 

with the flux of the quantity into the volume. Using the time derivative, we can express the 

contiiuity equation as 

dp +pd'v=0 	 (1.94) 

Where (it  is material time derivative. We now consider the time derivative of a quantity that 

is expressed when following the motion. We can then write the following equation 

dd (0(,)) (IT 	bo 

=+ 
	. 170 = 	+ v.V, 	 (1.95) 

1.3.3.2 Equation of Motion 

The conditions in the Sun or any other star are governed by a few factors. The factors include 

the internal friction or viscosity and can be ignored for a real gas. For a given volume of gas we 

have the surface forces and the body forces that are present. This implies that the equations of 

motion can be expressed as follows 

dv 
p7 	V —P+pf, (1.96) 

where f is the force due to the body forces. P is the gas pressure, p is the density and v is the 

velocity of the fluid. Using the form taken by equation (1.95). we can then express the e(luation 

of motion as 

dv 

	

Ot 
+ pv.Vv = —Vp + pf• 	 (1.97) 

In considering Poisson's equation, Christensen-Dalsgaard (2003) examines only the effect of grav-

ity. This implies the role played by the magnetic fields hay be ignored with a view of eliminating 

body forces on the gas. Newton's law expresses the gravity as the force per unit mass. This grav- 

ity g can be expressed as the gradient of the gravitational pot eiitial () as seeii in the following 

e(luation. 

g = — VI. 	 (1.98) 

where 	eiisures that Poisson's equation can be expressed as 

= 47rCp. 	 (1.99) 
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1.3.3.3 Energy equations 

The first law of thermodynamics is given by 

aq = 	+ 
DE 	DV 	

(1.100) 

where q is the heat gain or loss, E is the internal energy and V is the volume of the gas. We 

can work our way towards finding the relation between pressure (P) and the density (p). As we 

have done previously, the volume for a unit mass can he expressed as V = 1• What equation 

(1.100) eniphasises is that, the heat gained or lost changes the internal energy. Another way of 

expressing this equation is by using the form of the continuity equation, thus we can re-write it 

as follows 
OqDE PDp 
at 	at 	p2Lit 

and by using the form taken by the continuity equation, equation (1.101) can be further expressed 

as 
Liq LiE P 

+ - (V . v) 
at 	at 	íj (1.102) 

By using the thermodynamic formulas, the energy equation can he further expressed as follows 

LiqLiT 	TOp] ,  
= 	- (F3  - 1)—h- 	 (1.103) 

Liq 	[OT_ (F2 -1) TLiP 7(p j 	F2 	7 	 (1.104) 

Liq 	1 LiP F 1 PDp 
JTp(13 -1] LiT pLit 

where C, and C are the specific heat capacities at constant VolTUlle and pressure respectively. 

The first, second and third adiabatic indices are given by 

(0111 p) 	12 1 11111 T 
Lilnp 1 	12 	

=III  P 

) (I d 

(Li liiT\ 
13  —1 = I 	I 	. 	(1.106) Liliip) 
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1.3.4 3-Dimensional Oscillations in Stars 

Part of the following argtinient is taken from Aerts et al. (2009). Stars have 3 dimensions and this 

implies their characteristic oscillation modes are described by nodes in 3 perpendicular directions. 

The directions include the distance r to the centre . the co-latitude 0 and the longitude o. The 

co-latitude 0 is measured with respect to the pulsation pole and this pole is the axis of symmetry. 

For a star that is synimetric, the solutions to the equations of motions with (lisplacenlents along 

the (r, 0, ç)  directions are expressed as 

r (r. 0. ) = a(r)Y(0, ) exp(—i2vt), 	 (1.107) 

= b() (') exp(-1'2vt)38,
00 

b(r) 	(9, o) \ (r, 9, , 0 = . 	( 
	) exp(—i2ut)3, 

/0Y 	
(1.109) sinO  

Where the displacements are given by 	, 	and ar , br  are the amplitudes and v is the 

oscillation frequency. The synibol 	) is the spherical harmonics and it is expressed as. 

(21 + 1)(i - in)! 
P/(  cos 0)exp(irnç),  4n(1 + m)! 

where ]'(cos9) is the Legendre polvnonnal given by the following equation. 

Ptm (cos 9) = (1 - ( OS2  9) 	
(/lfl P1  (cs 9) 	

(1.111) 
d cos 011, 

 

1.3.5 Radiative Stellar Envelope 

High mass stars generally have a convective envelope at the core, followed by a radiative envelope 

that usually extemids to the surface. The significance of this envelope is that many observed 

Properties such as Tr  and Lr  have been determined by the nature or the state the radiative 

envelope assumes. The mass (Al) and the Lununosity (L) are treated as constants in the radiative 

envelope since most of the mass and the luminosity are contributed by the ulterior regions of a 
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star. The optical depth i icreases towards the inner core region and virtually becomes zero at the 

surface. A sinilar argumeilt can be put forward for the variation of temperature with the optical 

depth. This is with the exception that the temperature does not fall to zero at the surface. The 

flux racliatioii that causes the temperature gradient is expressed as follows 

F-  4711DB1,  

— 	3 K,f) Or 	41-7. 2 ' 

where p is the density, ic is the opacity over frequency and B is the Planck function. The 

radiation pressure is given by 

Prad = 	B. 	 (1.113) 

Equation (1.112) and equation (1.113) can be integrated over the frequency as follows. From 

equation (1.113) by adding 	on both sides we have Ir 

('Pr(ld 	d (4 - 

dr =dr 3c
(1.114) 

this equation can simply be arranged as 

dPr(ld  (iB 7471\ 

dr 	dr \Jc) 

Going a step back we realise that equation (1.112) can be re-writen as 

47 1 (DB - 
	 (1.116) 

) 	4.2' 

and multiplying by 	t hroughout we obtain 

DB 	—3 

Or = 162r2'  

finally we sub equation (1.117) in equation (1. 115) to arrive at the following equation. 

(IPrrid 	hpL,, 

(Ii 	4irr 2c 

The syflhliol K is defined by the relatioii 

CIO 

(1.119) 
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where L is the frequency integrated luminosity. To obtain an expression for the radiation pressure 

we can integrate equation (1.118) from the centre of a star to the surface as follows. If we consider 

sorile point near the core to be a radius r and the full stellar radius to be R. Then the radiation 

pressure is equivalent to 

Prod - jr 
KPL1. 

fo 

	

T 	L

R 4irr c 	47rR2 c 

upon integrating this equation we have 

Prad 	
L_T+Prad(T=0). 

 47rR C 

recalling that the flux is given by F = 	= 	equation (L120) can be reduced to 

aT 4  
Prad 	

efi + P
rad(T = 0), 	 (1.122) 

we can evaluate the radiation pressure at the optical depth of zero as follows. The relation 

between the radiation pressure and the density can be described by the following equation. 

- f 	(52  8 sin0 IO. 	 (1.123) 

	

What we can deduce from equation (1.123) above is that 1(8) = 	in the radiative equilibrium. 

Where the symbol a is the Stefan Boltzinann constant. For isotropic intensity we have 

4aT4  
Pro d = 

3C 	
(1.124) 

for all outgoing angles it is reasonable to assume that 1(0) is isotropic for angle 8 in ranges 0 

9..  However, 1(0) is zero for angles 	8 	. This prompts us to conclude that our star 

does not allow any radiation from the outside to go through. This implies that equation (1.123) 

can be reduced to 
71 

	

Prod(T = 0) = 	I (T = 0). 	 (1.125) 

and this is at the surface where y = 0. The intensity (,an be couiiputed by evaluating the net flux 

at the surface. \Ve t hen determine the net flux at the surface in our hid to evaluate the intensity 

at this region. This is (leternlined as follows. 

L = 47R 2  27r
f 

I(r = 0) ('058 siii 0 (is, 	 (1.126) 
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we then use the it substitutioit method to evaluate the integral. With sin 0 = 	(JU = cos 0 dO. 

The integral then becomes 

i 	f I( = 0)udu = I(T = 0)n, 	 (1.127) 

therefore equation (1.126) becomes 

	

L = 47R227rI(r,0) 	 (1.128) 

from equation (1.127) =#1 I(T = 0) =2  and incorporating the condition I(T = 0) in it, we can 17 

easily show that equation (1.125) becomes 

Prad(Y = 0) = 	= 	aT f , 	 (1.129) 

and recalling that 
aT4  

Prad 	T+Prad(T=0), 	 (1.130) 

we can substitute equation (1.129) in (1.130) to arrive at the following equation 

a T 4 	2 
Prad (1.131) 

taking out the common factor 	we then have 

= 	Te ff ( + 
2) 	

(1.132) 

recalling that Prad= 
( 4), 

 we can then equate this radiation pressure to equation (1.132). 

Now solving for the temperature (T), we arrive at the following equation 

T4() =( 
	

+ 	 (1.133) 

1.3.6 Radiative Transfer Equations 

Part of the following discussion is taken from Kippenhahn (1994). The specific intensity is given 

by I = I(r, 0, ). On the other hand, the mean intensity is given by 

JA = 	I IAd. 	 (1.134) 
4ir 
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where 1A is the specific intensity and w is the solid angle. For a spherical body with area A = 47rr2  

the luminosity is given by 

	

L = aTf4nr2, 	 (1.135) 

The Eddington flux H is given by 

r dw F H 
 = /

1, — 
= -. 	 (1.136) 47 4rr 

Froni equation (1.135) and (1.136), we can easily ShOW that 

L = 16r 2H 	 (1.137) 

and using the product rule to (lifferentiate. we can derive 

(IL 	 DH 
327 2RH + 16 2R2 . 	 (1.138) 

Also, recalling that H = 	f /LI and using our knowledge of planar geometry with 

01 
ii 

	

	= (I - S). 	 (1.139) OT 

We will arrive at the following equation. Where equation (1.139) is the radiative transfer equation 

in the plane-parallel atmosphere. 

(IH

f 
01 

	

uj—dw 	 (1.140) 

1.3.7 Diffusion Approximation 

A spherical star has its hmiinosity given by 

L=4r 2F. 	 (1.141) 

where F is the flux and 4r2 is the area. The photons moving out along the stellar envelope 

are somewhat obstrllctc(l by opacity. The radiative transfer is diffusive in miatmire and the fol-

lOWing reasons account for this assertion. To start with, the temperature gradient is the driving 

meclianjni for the transfer of energy. This is primarily the reason we have the radiative energy 
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transfer showing a (IiffUSiVe nature. The Fick's law is deployed to fully describe how photons 

diffuse through the stellar material. The diffusion of particles is given by j = - V riD, where D is 

the diffusion co-efficient and ii is the particle density. This (ijifusiorl co-efficient D is given by 

3p 

where v (leflotes the velocity and l is the mean free path. If we consider the transfer of energy 

inside a star. we have the proton flux F, the velocity of the particle increased to the speed of 

light c. The mean free path now takes the form 	where k is the collisional cross section for kp 

the photon path and p is the density of the material. The proton flux is therefore given by 

	

F = cVn, 	 (1.142) 

The local thermal equilibrimn is assiuned for the stellar envelope structure and this iniplies the 

star radiates perfectly as a blackbody. We then represent the number density of photons by the 

integrated Planck function given by 

	

B(T) 4acT3 
	

(1.143) 

where a is the radiation constant. c is the speed of light and T is the temperature. Now differ-

entiating the above equation leads to 

(lB )T 
- = —4acT3  
(IT Or (1.144) 

where aT3 	n. The radiation density constant has a numerical value of a = 7.566 X 10 'cqcii1, 3  .k 

Ve =
0,11 

= (1.145) 
Or 	di 

now recalling that the luminosity is given by L = 47r2F. we then Sul)stitute equation (1.142) in 

this equation to arrive at the following equation. 

L(r) = 47,r2  (cVn) 	 (1.146) 

and now using equation (1.145) we have 

L(r) = 471r2 	C 	4 a V 	 (1.147) 
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and finally this equation can be re-written as 

- 3L(r)k, 
(1.148) 

Or - 167rr2acT 3  

1.3.8 Radial Pulsation Equations 

The radial pulsation equations can be derived by using the Lagrarigian perturbations to the 

equilibrium equations. We can also take the horizontal perturbations to be zero. For the reader's 

purpose, the derivations are extended fully by Christensen-Dalsgaard & Frandsen (1983). The 

following equations show the significance of the equilibrium models in stellar pulsations. 

(1.149) 

('P)[g'p + (W 2 _ dg 
 - 4G) r1,  

dH 	(4iw Vad —WR Ac  (ica P + pp) SP\ 	1W + W Ac  (kaT + PT) 6T ASk R  
= pB 	

- WR(4 - Ac(i aT + PT)) ) - W - WR(4 - Ac (kaT + PT)) B - _____ 
(1.151) 

= _PR[KRH + 6H].  
(IT 

Where 6 indicates the Lagrarigian-Perturbation. The symbols used in the above equations can 

be defined as follows: B is the Planck function, Cp is the specific heat at constant pressure, 

is the Lagrangian perturbations, Ac = () - 1 and WR = CpT' where w is the angular 

pulsation frequency. Equation (1.149) is perturbation of equation (1.96). Equation (1.150) is 

perturbation of equation (1.96) while equation (1.151) and (1.152) result from perturbation to 

radiative transfer equation. Where L is the perturbation in density and LA is the perturbation 
KR 

in opacity, These expressions are given by 

Sp 
[)T 	+ Pp-73- 	 ( 1.1.53) 

aT 	+aP 	 (1.154) 
hR 	T 	P 

From equation (1.154), the opacity derivatives can be expressed as follows 	 P 	and G)I
nKR)T'  

aT(0111 KR P 

9 In T The Density Derivatives at constant pressure and temperature can be obtained 

from the EOS. 
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1.4 The Matching Code 

This code models stellar envelopes from the bottom of atmosphere to the stellar envelope and 

has been described in Mguda (2010). More importantly though, it will be used to match model 

atmospheres based on our modified ATLAS9 program to the envelope models calculated using 

OPAL opacity and EQS tables. It uses several inputs and they include the effective temperature 

and gravity as is the case in ATLAS9. The code uses Clayton's model (see Clayton 1986) to 

calculate the envelope models by using the ATLAS9 inputs. It then calculates the temperature 

using T(T) for all the layers starting from the bottom of the atmosphere. The code further 

calculates the opacity (ic) and density (p) using OPAL opacity and OPAL EQS. In addition, the 

optical (lepth and the radial distance for the envelope can be calculated. 

The code is useful in deternuning the structure of the envelope and it needs a starting density 

value for one to produce a model. The derivative of the Planck function with respect to the 

optical depth can then be calculated and the stellar structure equations for the envelope solved. 

This can be readily achieved as follows, for a given mnetallicity the OPAL EQS tables require 

the temperature and pressure to calculate density. The OPAL opacity tables require metallicitv, 

temperature and density in order to calculate opacity and opacity derivatives. This implies the 

opacity and the density structure throughout the star can be derived. This will in turn be useful 

in solving the equations of the stellar envelope. 

1.4.1 Helioseismology 

The lugh temperatures and densities at the stellar core imply that the EQS for high temperatures 

can be solved theoretically. The theoretical calculations have been improved by Helioseismology 

studies which test the EQS for such extreme coIl(litions (Lin 	Diippen, 2005). For our purpose, 

when modelling stars using Flelioseisiriology we need a smooth, consistent and valid ECS. Sinri-

larly, accurate tiierriiodynamnic quantities are required for an extended range in temperature and 

density (Trampedach ct al. 2006). 
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Helioseismology is a study concerned with oscillations of waves inside the Sun and it also al-

lows researchers to calculate parameters that determine the solar interior structure as noted by 

Christensen-Dalsgaard et al. (2005). This according to Basu & Antia (2008) enables good tests 

for solar model calculations. The parameters include the temperature, composition, mass, an-

gular momentum and motions in much deeper layers of the Sun and these parameters do have 

an effect on the oscillations periods. Solar oscillations detected have been particularly useful by 

providing the frequencies of the Sun and consequently determining the properties of the Sun. 

Furthermore, the Solar Oscillations frequencies can be inverted to establish the inner structure 

of the Sun (Basu & Christensen-Dalsgaard, 1997). The properties include different evolutionary 

stages, metal abundances, effective temperatures and gravities (Samnadi et al. 2003). Solar like 

oscillations have also been found in other stars, although having a different evolutionary phase 

and metallicities (Samadi et al. 2003). These are oscillations that are small with finite lifetimes. 

This study does not only put constraints on the thermodynamic quantities but it also checks 

how accurate theoretical models are in hot dense plasmas (Gong et al. 2001). 

The oscillations are generated by processes in the main convective regions and they get excited 

in the inner layers of the Sun while moving through the plasma medium. On the surface things 

are slightly different as these waves appear as oscillations that are either up or (lown. Such oscil-

lations are observed by the phenomenon of Doppler shift of spectrum lines (Astro.phys.au.dk) 

Solar oscillations were discovered by Leighton et al. (1962) in the 1960s. The observations carried 

out resulted in analysis of the dopplergrams and the findings highlighted oscillations which could 

deterniine certain properties in the atmosphere. Furthermore, Leighton et al. (1962) eniphasised 

that the oscillations could be excited in the granulation layer of the Sun thus explaining the 

energy transported from the convection zone to the chromosphere (Kosovichev, 2005). Further 

findings from these observations were that the Sun mainly had oscillations in the Doppler veloc-

ity with periods of about 5 minutes. 
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The question that often arises is, why do we have interest in the Sun as a case study'? To date, 

the Sun has been well studied due to its close proxinity and consequently we receive far more 

light from the Sun, than other distant stars. Furthermore, the Sun is one of the very few stars 

whose dynamics and magnetism can be studied in great detail (Rozelot & Neiiier, 2011). The 

justification put forward makes the Sun a far more reliable star to collect data from and instantly 

use the results thereof in other studies such as Astereoseismology. 

On the more scientific observation front, the Sun has been well observed by various telescopes 

around the world. There have been several findings from these observations which include the 

Sun pulsating simultaneously with about a million different tones. The tones are deternuned 

at very high accuracy and the significance of many of these tones is that we can determine the 

internal properties of the sun, which can in turn be compared with the computer models for 

the structure of the Sun (Astro.phys.au.dk/). According to Bachall et al. (1995), for one to 

have results in agreement with observational evidence provided by helioseismnology studies, it 

is fundamental not only to have accurate input physics but also accurate treatment of element 

diffusion along with the solar structure. What is significant for our purpose is that, the unknown 

uncertainties in the structure of the outer layers of the Sun along with the opacities and the EQS 

do account for the observed p-modes and the frequencies of these modes (Guenther et al. 1996). 

Also according to Guenther et al. (1992), the physical location of the surface convection Zone 

has been computed with the aid of Helioseismology studies. 

1.4.2 Astereoseismology 

This study is concerned with probing the interior of other stars aside from our parent star, as 

it was the case with the Helioseismology studies. The study priiiiarily uses oscillations in these 

stars as well. By applying data on these stellar oscillations we can advance our knowledge of 
0 
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stellar structure and evolution as noted by Aerts et al. (2009). Thus, this study is one of the 

foundation for our understanding of the nature of the universe. The structure and evolution of 

stars can be determined by using the light given off at the stellar surface to map the nature of 

the internal structure as well as any physical changes that a star may undergo. Furthermore, 

astereoseismic research studies present the likelihood of examining the physical properties of 

matter in stars. The properties that have been tested in detail include the opacity and the EQS 

(Christensen-Dalsgaard & Ddppen. 1992). Also, it may be possible as well to evaluate properties 

of the inner stellar rotation and further discover proof for large scale internal magnetic fields. 

The foundation of Astereoseismology has been the asymptotic theory of stellar oscillations be-

cause the properties of modes of oscillations can be better understood by this theory. The theory 

also aids in our understanding of the relation between the structure of a star and its oscillation 

frequency. The inner stellar structure is accountable for the deviations from this asymptotic 

theory. 

A part of the following case study is courtesy of Astro.phys.au.dk/KASC/seismology/seism.htnil. 

In our bid to fully examine the internal structure of stars we use the pulsating stars as a means 

to study the internal properties of stars. Pulsating stars have been studied to establish the 

reasons and the manner in which other types of stars pulsate. Additionally, the ptilsatioiis are 

mainly used to find the basic meaning of the general properties of these stars. These stars have 

their brightness, size and temperature changing in a periodic manner with time. They are often 

divided into classes that correspond to the manner in which they oscillate. For instance, those 

that fall under the same class of pulsating stars reseimible each other physically. In further (ate-

gorising these stars, it has been noted that different groups of pulsating stars are found across 

the Hertzsprumig Russel diagram (HR diagram). On the observational front, the pulsations for 

distant stars have been modelled with space missiomis such as the MOST and COROT in 2003 

and 2006 respectively. Another useful mission deployed is the Kepler satellite, which allows us to 
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probe even deeper layers. This is (lone in our bid to study pulsations as well as (leterrmne stellar 

matter properties that govern the internal structure of other stars. What we hope to achieve in 

the future for Astereoseismology studies is improved understanding of our knowledge of stellar 

structure and evolution (Soriano & Vauclair, 2010). 

1.4.2.1 roAp Stars 

The equilibriuni models that we seek to calculate will be used to model pulsations in A-stars. 

In this section we give an outline of the properties of pulsating stars that can be modelled by 

our models. Model atniospheres are important in explaiimg the observations of real stars. The 

acronym roAp stands for rapidly oscillating 'A peculiar stars. They are termed 'peculiar' be-

cause their composition on the surface is (file to atonuc (hifimsionl (Aerts et al. 2009). They 

burn hydrogen in the core and have a mass of 2 M. These stars were discovered by Kurtz 

(1982) who established that these stars have amplitudes of up to 0.01 mag peak to peak in the 

blue wavelength region for five of their class members. These are stars found in the upper main 

sequence region and they are known to pulsate in non-radial p-modes of high overtone (Martines 

Kurtz. 1995). The roAp stars can be characterised by being magnetic and chenncally peculiar 

main sequence stars. The number of known roAp stars is known to be at around 40 and all these 

stars have many periodic variations that agree with high order and low (legree p modes (Aerts 

et al. 2009). The K excitation iiiechianism has been shown to have limits when exciting high 

frequency modes of these stars (Di \lauro. 2012). 

Their temperatures ranges from the hottoiii of the cooler instability strip lip to and even beyond 

the hot temperature region (1vVolff. 1983). The roAp stars prohiice magnetic. spectrum, photo-

flietric and radial velocity variability with similar tue period in a given star. These velocity 

variations are explained by the model known as the oblique rotator. This model assumes that 

the spectral peculiarities began in spots of irregular abundance of the stars' surface as noted by 

Martines & Kurtz (1995). The pulsations and magnetic axis are aligned and inclined with respect 

I 
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to the axis of rotation as hinted by Di Mauro (2012). The importance of studying pulsations 

for these stars is that we can (leterinine amongst others, the stellar rotation periods, magnetic 

geometries luminosities, masses, radii and magnetic fields as stated by Kurtz (1990). 

1.4.2.2 S Scuti Stars 

These are stars with a spectral type of AU to F5 and they typically have masses in ranges 1.5M 

to 2.0 M. The S Scuti stars are best know for showing very strong rich spectra of oscillations. 

These stars have a short pulsating period, typically with ranges from one and half to 8 hours. 

They pulsate in p-modes thus enabling its to probe the stellar envelope (Grigahcence et al. 2010). 

The short pulsation periods account for their small radii but there are many of these pulsating 

variables in the Milky Way Galaxy, second only to wiute dwarfs. For stars of population I, the 

amplitudes of pulsations are known to be small with visual amplitudes found to be a few rn flag. 

However, this can reach a mnaximnuni of about 800 m inag (Breger, 1995). The Sun has quite a 

number (1000) of pulsation niodes occurring at the same time for a good number of pop I () Scuti 

stars. This makes them particularly good nodes compared to the S Scuti stars at only 15. They 

have a mass of about 2M and their location on the HR diagrani is along the main sequence or 

just after this band (Dziembowski & Pamnjatnykh, 1991). Like the roAp stars these stars are also 

driven by the K. mechanism which occurs in the He II ionisation zone as noted by Grigahcence 

et al. (2010) 

Their evolution spans from pre-mnaiii sequence. to the hydrogen burning on the main sequence and 

finally to the giant stage (Breger. 1995). These stars have been known to be the best targets for 

Astereoseismology. The primary classification that has been adopted for these stars often stems 

from two factors which are Pulsation amplitudes and metal abundances. The effect of pulsation 

aniplittics is that large amplitude stars are subject to radial pulsations. They also os(illate in 

one strong mode at a given time (Breger, 1995). Their low amplitude counterparts are main 

or post main sequence stars with significantly larger periods. These stars are specifically useful 

for Astereoseismnology studies, as they have abundait mmxtures of radial and non-radial 1)-mode 
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candidates, which can be used for carrying out studies of Astereoseismology. The significance of 

studying such stars is that the results of parameters such as temperature, luminosity, mass and 

composition can be applied on evolutionary theories or used on other stars. 

1.4.2.3 7 Doradus Stars 

The 	Dor type of star has been well studied from its member class. They were discovered to 

be changing in luminosity by Cousins & Waren (1963) and Cousins (1966) because of their non 

radial pulsations at the surface. These stars are found to be in the range FO and their luminosities 

ranges from V VIto IV. According to Kaye et al. (1999) their absolute magnitude is the same as 

that of S Scuti stars although with a cooler surface temperature. They also have similar masses 

in ranges 1.25 M-2.5 M,. When one looks at their location on the HR diagram, they extend 

with S Scuti stars on the H-R diagram but have much higher pulsation periods in comparison to 

the S Scuti stars. The 7 Doradus stars also have convective cores, lower depth in their envelopes 

and they spin quite fast as highlighted by Grigahcence et al. (2010). Progressively, this star 

according to Eyer et al. (2001) emerged as the prototype of a new-class of stars that pulsate. 

The light curve of a Doradus and its dual periodicity is conducive for some pulsations that have 

a period greater than the anticipated one for a S Scuti star (Kaye et al. 1999). In the last ten 

years or so, there have been 40 variable stars that show similar spectral types and Luminosity 

classes to S Doradus. Furthermore, the variability they produce is for time ranges of an order 

of magnitude slower. They are the type of stars that show changes in luminosity because of the 

radial and non radial pulsations they have at the surface. 

In the last two decades, the existence of a fairly new class of variables has been found in mnam 

sequence early type F-stars (Balona et al. 1994). These stars have periods that vary for a 

handful of hours. What we can conclude from this is that these periods are significantly larger 

than can be considered belonging to P-mode pulsation characteristic of S Scuti stars. The g-

modes similar to those in the Sun have been found on the Doradus variables though on the back 

of challenges such as these modes reaching the stellar surface with lower amplitudes (Grigahcence 
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et al. 2010). The significance of this is that the g-modes detection allows us to study the stellar 

core. According to Balona et al. (1994) most of these stars are not well understood as their nature 

remains a mystery. Balona et al. (1996) made good photometric and spectroscopic studies of 6 

Doradus and their findings were one additional frecuency domain for these stars. These findings 

were preceded by the proposal made by Balona et al. (1994) of Dor being an associate of a 

new class of non-radial gravity- mode pulsators. Cousins (1992) alludes to a lot of variations 

being explained by making some assumptions. The assumptions are smusoidal Variations having 

periods of P = 0.7570 and P = 0.7334. These periods according to Balona et al. (1994) do not 

signify any data and there is a large uncontrolled variability. 

1.4.2.4 Normal Main Sequence A-stars 

These are the type of stars we seek to model. The main sequence stars are the type of stars 

undergoing fusion of hydrogen into helimn. Our Sun is an example of a main sequence star. Stars 

are classified into groups according to their spectra. The classification that has been adopted 

is that of using the letters 0, B, A. F. G, K and M. this sequence is easily remembered by 

astronomers as 'Oh Be A Fine Girl Kiss Me". The 0 stars being the hottest stars and other 

successive letters being progressively cooler stars towards M type stars. The group of stars we 

define here are called A stars. These are stars with spectra defined by strong hydrogen halmer 

absorption lines. As mentioned in the preceding section, the ATLAS9 programme has been 

widely used to model the atriiospheres of main sequence A stars. Some of these stars have waves 

inside and detecting these waves allows us to determine the properties of the interior of stars 

(Aerts et al. 2009). This is due to these waves being seiisitive to regions of stars they travel 

through. Furthermore, the waves travel through the different parts of the star. Hence we model 

these stars, attempting to build an equilibrium niodel which can he used in studies of oscillations 

in A stars. The mass ranges for A-stars is widely known to be 1.4 \l < M < 2 M and they 

have effective temperatures of 6500 K < Te11 < 10 000 K. 
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The hotter main sequence A-stars have been known to have a radiative atmosphere as one IIIOVCS 

from the mid A-stars towards the cooler F stars (Adelman, 2004). It is further stated in Adelinan 

(2004) that convection begins to play a role in the energy transport in the atmosphere at effective 

temperatures below 7500 K. The main sequence A-stars falling within the instability strip on the 

HR diagram will have pulsations and thus be used for studying stellar pulsations and equilibrium 

models. About 30 % of A-stars in the instability strip are known to pulsate. Some of the A-stars 

may be pulsating in amplitudes that are below the detection threshold and as a result they are 

not yet detectable as pulsators. 

However, in the temperature ranges of 7000 K< T,ff  < 30 000 K we find the families of chenmically 

peculiar (CP) stars. According to Preston (1974) there are four (listinct groups based primarily 

on their abundance auioniahies amongst other criteria. The CP1 class has non-magnetic and slow 

rotating metallic line (am) stars having temperature ranges of 7400 K < T ff  < 10200 K. The 

CP2 have temperature ranges of 7400 K < Trff  < 23000 K. Hence we can see that A-stars can 

fall in the CP1 and CP2 classes. The CP1 stars are often called the Ap stars. The CP2 generally 

have a flux depression around 5200 A. For observation purposes this feature can be detected 

photonietrically (Stutz, 2005). 

Recent studies have tackled shortcoruuings that have to do with model atmosphere with specific 

abundances to individual elements. This has particularly occurred in these chemically peculiar 

stars where stratification of eleumients needs to be taken into account. This is due to the spectra 

of these stars having a (listribut ion of abundance that is vertical (Shulyak ct al. 2004). The (Ti 

stars span a wide rauige in teumiperatures covered in ATLAS9 atmosphere model hence we have 

modelled this type of A-stars. 

6 
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Chapter 2 

A Comparison of OPAL EOS and 

ATLAS9 EOS 

In this Chapter we compared thermodynamic variables calculated using OPAL EOS with the 

ATLAS9 EOS with a view of probing the feasibility of our research work. Comparing the two 

EOSs is an important part in our attempt to develop accurate stellar equilibrium models we plan 

to use in calculating pulsation frequencies. The comparison has been done by first producing 

an ATLAS9 model atmosphere for a certain range of temperature and surface gravities. The 

temperature and pressure used are taken from ATLAS9 model atmosphere. We also specified 

the composition by using a fixed mass content of hydrogen, helium and all other elements heavier 

tliaii helium to be solar. All the calculations were carried out for the hydrogen mass fraction, 

X = 0.7381, Helium mass fraction, Y = 0.2485 and the heavy metals, Z = 0.0134 for the solar 

composition (Asplund et al. 2009). The temperature ranges used were 7000 K 	T ff 	9500 

K. The surface gravities ranges were 3.5 logg 	4.5. This covers essentially the Normal Main 

sequence A-Stars. 

For a given composition (Z = 0.0134) corresponding to solar composition, we used ATLAS9 to 

calculate model atmospheres for T 11  and log g described above. This gave us T(-r) and P() 
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which we used as input to the OPAL interpolation routines to obtain the following variables: 

density (p). 

The first adiabatic exponent (F 1 ). 

The third adiabatic exponent (F3  1). 

Adiabatic temperature gradient (Vnd). 

The specific heat capacity (Ce) at constant pressure. 

These were then compared with similar variables from the ATLAS9 program itself. Comparisons 

of these cluantities  are presented in the following sections. ATLAS9 program gives output of the 

following thermodynamic variables 

F 1  

Specific Heat Capacity (Cp) at constant pressure. 

Vad 

Radiative temperature Gradient (Vrid). 

The density derivative at constant pressure ()p 

• 	The density derivative at constant temperature ( dlogP  d log o) H 

To make relevant comparisons, we had to convert the specific heat capacity at constant volume 

(Ct ) to C using the formula 

(2.1) 
pT 

where \T is the temperature exponent in the pressure equation of state and it is given by; 

DlnP 
=(2.2) 
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and y, is the density exponent in the pressure equation of state and it is given by; 

Din P 
XP 	D1np  H 	 (2.3) 

The F3  - 1 function is not calculated in ATLAS9 and for good comparisons, we had to convert 

['3 - 1 using the formula 

F3 -1=Fr Vd 	 (2.4) 

2.1 Density 

In Figures 2.1---2.4, we present plots of density for the ATLAS9 model atmosphere and the 

OPAL EOS routines. The density was calculated using ATLAS9 for a certain temperature range 

and optical depths starting from the surface of a star at r=0.0001 up to 'r = 70 000 as shown iii 

Figure 2.1. This density prohle is consistent with our knowledge of how the gas density varies 

as a function of optical depth from the stellar core to the surface. As seen in Figure 2.1 (a) 

the density increases from the outer layers of the stellar atmosphere towards the inner layers 

in the atmosphere. This is seen for optical depths of 0.0001 	T 	1. From 'r =1 there is a 

significant decline in density because of the hydrogen ionisation zone. To further explain this dip 

near -r 10, we recall the hydrostatic equilibrium equation that is given by 

dPq 

d-rR - 
(2.5) 

where KI?  is the Rosseland mean opacity, g is the gravitational acceleration and -r11  is the Rosselaiid 

optical (leptil. In the hydrogen ioriisation zone, the opacity is lugh (it has a big peak) due to 

a large iruiriher of free electrons. Therefore, according to equation (2.5), the pressure gradient 

should (lecrease. Also, if we assume that in this part of a star. the gas behaves like an ideal gas 

then 
P pIij3T 

mu 

hence the density gradient would also decrease. The usefulness of the hydrogen ionisation zone 

(2.6) 

is that these are regions in the stellar interior where increasing opacity can provide the kappa 
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(K) mechanism for pulsations to be driven. At first glance, there appears to be a good matching 

between the density calculated using the ATLAS9 model atmosphere and the one from OPAL 

EOS tables for the stellar atmosphere region at lower and high optical depths. However, if one 

closely looks at the two approaches by taking the ratio for the density between the ATLAS9 

model atmosphere and the OPAL EOS, there are small differences between the two approaches. 

Furthermore, since OPAL routines require metallicity (Z), hydrogen mass fraction (Xh) and 

helium mass fraction (Y), we wrote a prograni for converting ATLAS9 individual composition 

to Z, Xh  and Y. A consistent comparison of OPAL EOS on model atmosphere calculation must 

involve completely replacing the ATLAS9 EOS routines with OPAL EOS interpolation routines. 

This is presented in Chapter 3. In addition, one would have had to replace the opacity calculation 

routines as well. This is a big undertaking which was not done clue to time constraints. This 

could be done as a part of a PhD thesis, for instance. We took the ratio of the ATLAS9 

model atmospheres to the calculated OPAL EOS models. This was done to help us quantify 

the percentage difference between ATLAS9 EOS and the OPAL EOS in the atmosphere region. 

For our analysis we have taken the ratios for low effective temperatures (Te1j  = 7000 K), high 

effective temperatures (TF1J  > 9000 K) and the surface gravities (log g=3.5 and log g=4.5) with 

a view to see the trend of the ratio as a function of optical depth. As seen in Figure 2.2, at 

low effective temperatures the calculated OPAL density (p) matches with the ATLAS9 density 

for low optical depths. This is evident with the ratio between the two models being 	I. The 

percentage difference between the two models ranges between 1.5%-5.5%. For high effective 

temperatures the percentage difference ranges between 18.3%-110%. 

Figure 2.2. shows ratios of density calculated using ATLAS9 prograrn and that using OPAL 

routines We see differences of up to 6 % for cooler models in the surface layers. Models as 

hot as T fff  =9500 K show very large differences of up to 100 c. This  imPlies that for these 

models using the current ATLAS9 program introduces large errors in calculation of densities in 

the atmospheres of A-stars. Figures 2.3-2.4 show the differences indicated by arrows between 

the two models at low optical depths. 
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Figure 2.1: Plots of (lensity (p) as a function of optical (tepth for various effective 

temperatures (iff  =7000 K 7500 K) and surface gravities (log q 3.5--4.5). The solid 

line was calculated using normal ATLASO EOS. The crossed line was calculated using 

the OPAL EOS. The arrow indicates the hydrogen ionisation zone. These are models of 
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Figure 2.2: Plots of ratio of ATLAS9 density to OPAL density as a function of optical 

(leptil. The ratio was taken for the atmosphere region and upper layers of the envelope 

region. 
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Figure 2.3: Plots of (lensity (p) as a function of optical depth for various effective 

temperatures (Teff  =OO() K 8500 K) and surface gravities (logg 	.5-4.5). The solid 

line was calculated using normal ATLAS9 EOS. The crossed line and the (lot-ted line was 

calculated using the OPAL EOS. The arrow indicates the differences between the two 
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Figure 2.4: Plots of (lelisity as a function of optical depth for effective temperature 

IFff=9000 K and various surface gravities (log q =3.5-45). The solid line was calculated 

using normal ATLAS9 EOS. The (lotted line was calculated using the OPAL EOS. The 

arrow at low optical depths, indicate the major differences between the density calculated 

using ATLAS9 model atmosphere and OPAL EOS routines. These are models of the 

atniosphere and upper layers of the envelope. 
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2.2 The first Adiabatic Exponent (F') 

The first adiabatic exponent (171 ) is important because it (an be used to study the adiabatic pro-

cesses in an ionising gas. Other adiabatic exponents are also important in stellar interior studies 

as noted by Lobel et al. (1992). This adiabatic exponent varies quite significantly between 4 

and 4. An example of a gas that has Fi 	4 is H2 0 in its gaseous state and that of a gas with 

F1 = 4 is Argon (Ar). 

This thermodynamic variable also gives its a good indication about the location of the ionisation 

zones. We observe effects of first hydrogen ionisation zone on F1  near optical depths of around 

r 	10. There are two regions were F1  has dips in the curve, as seen in Figure 2.5. These regions 

are the hydrogen ionisation zone and the first helium ionisation zone. In the hydrogen ionisation 

zone. at about temperatures of iO K the opacity is known to be higher as stated by Christy 

(1962). This is the region where the ionisation of hydrogen (HI) along with the single ionisation 

of helium (Hel—HeII) takes place. The second dip, is where the helium ionisation (Hell) takes 

place at temperatures of about 4 x 10 1 K. The actual location of these zones depends on the 

effective temperature of a star. For instance, at high effective temperatures, the ionisation ZOI1C5 

will be shifted to the surface. This is seen if one compares Figures 2.5 (a)-(c) for plots with 

low effective temperatures to Figure 2.6-2.8 with plots for high effective temperatures 

What can be observed here is that the first liellian ionisation zone and the second lieliuui ion-

isation zone, dO not go as low as the first hydrogen ionisation zone. The F1  decreases in the 

ionisation region and this is (Inc to the low pressure gradient. vVe have also observed that as 

hydrogen starts to iouise, F drops below the value of 	1.67 and it can only reach this value 

when the ionisation is fully complete. In our analysis we have investigated how the surface grav-

ity affects the matclung of the two models, the same way we did for the adiabatic temperature 

gradient. Inspection of Figure 2.5 seems to suggest that F is the most affected by the equation 

of state. It is in this variable that the differences in the two EOS are most prominent both in 

the surface layers as well. 
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Figure 2.5: Plots of the first adiabatic exponent (F1) as a function of optical depth for 

various effective temperatures and surface gravities. The solid line was calculated using 

normal ATLAS9 EOS. The (lotted line was calculated using the OPAL EOS. The arrows 

in suhfigure (a) indicate the first and second helium ionisation zones respectively. The 
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After the hydrogen iomsation zone (lip, we see a (lip clue to the first helium i011iSatiOn zone 

occurring at T 	70. Furthermore, a visible dip which signifies the second helium ionisation 

zone occurs at around -r 	5000. The F 1  calculated from OPAL EOS routines and that from 

ATLAS9 show similar treiids and features but their differences are generally pronounced near 

the surface layers (T <0.1) and deeper layers (T >50). Interestingly the dip clue to the hydrogen 

jonisation zone is well matched by the two approaches. The (lips due to the first and second 

helium ionisation zones are in general not well matched. The differences are up to 70 % for 

surface layers and up to 3.5 % for sid-photosphere regions. Some of the hotter models (such 

as Trff  =8000 K, log g=3.5. T ff  =9000 K. log g=3.5.) show dramatic differences between the 

F 1  calculated using ATLAS9 and OPAL EOS. The ATLAS9 generally shows a decrease of 17 1  

with increasing T, whereas OPAL EOS shows an increase followed by a decrease closer to the 

hydrogen ionisation zone. We did not observe any cliscontinuities in these Figures because OPAL 

calculations were consistent throughout for calculations in this chapter. 
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Figure 2.6: Plots of the first adiabatic exponent (F1 ) as it function of optical (lepth 

effective temperature If ff =OOO K and surface gravities (log g= .5-4.0). The solid line 

was calculated using normal ATLAS9 EOS. The clotted line was calculated using the 

OPAL EOS. These are niodels of the atmosphere and ripper layers of the envelope. 
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4.). The solid line was calculated using normal ATLAS9 EQS. Time (lotted line was 

calculated using the OPAL EQS. These are models of the atmosphere and upper layers 
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Figure 2.8: Plots of the first adiabatic exponent (F ) as a function of optical depth 

for effective temperature Tff=9OOO K and surface gravities (log g=3.5-4.5). The solid 

line was calculated using normal ATLAS9 EOS. The (lotted line was calculated using the 

OPAL EOS. These are models of the atmosphere and upper layers of the envelope. 

The F1  plot shown in Figure 2.8 (a), also shows differences between the two EOS. 
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Figure 2.9: Plots of ratio of ATLAS9 F1  to OPAL Li as a fiuiction of optical (lepth. 

The ratio was taken for the atmosphere region and upper layers of the envelope region. 

The spikes that we see at Teff  =7000 K cannot he explained yet. 
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2.3 Helium Dips 

We have also investigated the Hell dip by changing the helium (Y) composition for both cooler 

and hotter models. This was done for the OPAL routines because F1  in ATLAS9 is independent 

of the individual mass fractions. The results are show in Figures 2.10-2.12 for F1  as a function 

of optical depth ('r). We observed that in all models the 'bump' due to Helium II ionisation zone 

is more pronounced than in Model S (Christensen-Dalsgaard et al. 1996). This suggests that 

ATLAS9 exaggerates the Helium abundance in the second Helium ionisation zone. Thus, this 

'bump' gets reduced when Helium abundance is increased. 
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Figure 2.10: Plots of the first adiabatic exponent (F1 ) as a function of optical depth for 

effective temperature T ff  =7000 K and surface gravity log g=3.5 for helium dips. The 

solid and the dotted line were calculated using the OPAL routines. The Hell dips are at 

optical depths 	50 and 1000. These are models of the atmosphere and upper layers of 

the envelope. 
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Figure 2.11: Plots of the first adiabatic exponent (F1) as a function of optical depth 

for effective temperature T11  =1000 K and surface gravities (log g=3.5 & log g=4.5) 

for helium dips. The solid and the (lotted line were calculated using the OPAL routines. 

The Hell dips are at optical depths 50 and 1000. These are models of the atmosphere 

and upper layers of the envelope. 
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Figure 2.12: Plots of the first adiabatic exponent (F1 ) as a function of optical (lepth for 

(lff(Ictive teniperature T ff  =9000 K and surface gravities (log g=3J & log g=4.5). The 

solid and the (lotted line were calculated using the OPAL routines. The Hell (lips are at 
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2.4 The Third Adiabatic Exponent (F 3-1) 

The significance of calculating the third adiabatic exponent (F3  - 1) is that this variable helps 

us to understand the pulsational instability as noted by Lobel ct al. (1992). As was the case 

with the first adiabatic exponent, it has all the ionisation Zones discussed previously. 

As seen in Figure 2.13, at lower surface gravities there is a niisrnatch for high optical depths 

and lower optical depths where the OPAL method has a steeper slope than ATLAS9. However, 

the high surface gravity (log g=4.5) at relatively low effective temperatures (Teff  = 7500 K) 

yields good matching for the two models. From Figure 2.14, we see that good matching is 
observed for Teff  = 8500 K and log g=4.5. A mismatch is observed at lower optical depths, at 

the highest peak in Figure 2.14 at i = 500 and high optical depths. For this thermodynamic 

property (F3 - 1). we have also observed a slight dip in of the ATLAS9 model for T ff  = 7500 
K. This is seen in Figure 2.13 (d)-(f) at T 	50 000. 

We have further looked at the F: -1 ratios for both low effective temperatures and surface gravities. 

As seen in Figure 2.15. the percentage difference between the old ATLAS9 and the new ATLAS9 

has been calculated to he ranging between (5 %-50 Yb). 
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Figure 2.13: Plots of the third adiabatic exponent (F1 -1) as a function of optical 

depth for various effective temperatures (Tj1=7000 K 7500 K) and surface gravities 

(log g=3.5--4.5). The solid line was calculated using nornial ATLASO EOS. The (lotted 
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Figure 2.14: Plots of the third adiabatic exponent (F:3-1) as a- fimction of optical 
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Figure 2.15: Plots of ratio of ATLAS9 173-1  to the OPAL 173-1  as a function of optical 

depth. The ratio was taken for the atmosphere region and tipper layers of the envelope 

region. 
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2.5 The Adiabatic Temperature Gradient (70(]) 

As we have seen from some of the derivation of the OPAL EOS, the adiabatic temperature 

gradient is calculated using the equation 

/ 2  
V0d = 
	- 1) - 

(2.7) 

in a nutshell we used the temperature and Iressure that were obtained from the ATLAS9 model 

to calculate the adiabatic temperature gradient. For the results obtained, we see good agreement 

between the OPAL EOS tables and the ATLAS9 program. The region where a mismatch is seen 

is for lower temperatures at around TFff  = 7000K, this is seen in optical (lepths less than 0.01 

(i < 0.01). This occurrence of a mismatch is seen in the first three plots of Figure 2.16. For 

the surface gravity good niatching is seen for regions with a high surface gravity at log g= 4.5 

while for low surface gravities at log g=3.5 we see a mismatch. Based on this analysis we can 

conclude that good models for the adiabatic temperature gradient at lower temperatures were 

obtained for high surface gravities. 

The profile obtained for both the ATLAS9 and the OPAL EOS tables is quite similar to that 

of the adiabatic temperature gradient (V). There is a persistent mismatch between the OPAL 

EOS and ATLAS9 observed for high effictive temperatures, this will be discussed shortly. 

At first glimpse we see the occurrence of the ionisation of hydrogen, first and second ionisation 

of helium. The two models in ATLAS9 and OPAL EOS match quite well for high temperatures 

(T ff  =8500 K) and surface gravities (log g= 4.5). This good matciung is observed in Subfigure 

(f) of Figure 2.17. At low surface gravity (log g= 3.5) and high temperatures there is a slight 

mismatch for lower optical depths (see subligure (e)). This imsniatcli causes a a steep decline 

in gradient for the ATLAS9 immodel at low optical (leptli as. A great deal of a mismatch is seen 

quite clearly in subfigure (d) of Figure 2.17. 
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Figure 2.16: Plots of the adiabatic temperature gradient (Vrid) as a fimction of optical 

(I(pth for various effective temperatures (If ff  =700() K 7500 K) and surface gravities 

(log g=3.5 -4.5). The solid line was calculated using normal ATLAS9 EOS. The (lotted 

line was calculated using the OPAL EOS. These are models of the atniosphere and upper 

layers of the envelope. 



Chapter 2. Comparing OPAL EOS & ATLAS9 EOS 
	

92 

TefF8000 K and log g=3.5 
04  

035 1  

ooi 

.0 025 1 
40 

> 0  

015 

0.1. 

005'-- ------ ---..-...- 
0-05 00001 0001 001 	0 	 lo 	loo low lo0m 100000 

Optical Depth 

(a) 

041 	

Ten=B000 K and log g=4.5 

035 

03 

0 
0.25 

40 

02 

0 15 

005 .....................................................................................- 
IS 05 000(05 0005 	OUt0 I 	I 	0 	(00 	1000 	0000 100000 

Optical Depth 

(c) 

TefF8500 K and log g=4.0 
04  

035 

03 

0 
55 

- 	02 

015 

0.5 

0 05 
'L05 00001 0001 	005 	0 1 	I 	0 	00 	000 	10000 100000 

Optical Depth 

1efr8000 K and log g=4.0 
04  

0.30 

031 

0 025  
40 

02 

all 

01 

005 	-..--.--.-.----.----.---.-.-- ---..--.-....----------- -----. ..... --.--..---- 

	

0-05 00405 0005 	005 	0 1 	I 	II 	00 	1000 	10000 00004 

Optical Depth 

00, 	

. Teff 	K and log g=3.5 

o os 

03 

025 	 0 
(5 

02' 

0(5, 

01' 

005 

	

0-01 00001 0001 	001 	0 I 	 lo 	100 	low 	loom 500000 

Optical Depth 

, 	
Ten=8500 K and log g=4.5 

04  

035 

03 

'0 
0055 

02 

45 

0 IS 

UI 

	

00(005 0001 	0 01 	DI 	I 	10 	(00 	5000 	loom 100000 

Optical Depth 

(e) 

Figure 2.17: Plots of the adiabatic temperature gradient as a function of optical 

(leptll for various effective temperatures (T1j=8000 K 8500 K) and surface gravities 

(log g=3J5-4.5). Time solid line was calculated using normal ATLAS9 EOS. Time (lotted 

line was calculated with the OPAL EOS. These are models of the atmosphere and upper 
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Figure 2.18: Plots of ratio of ATLAS9 Vad  to the OPAL 7(0(1  as a function of optical 

depth. The ratio was taken for the atmosphere region and upper layers of the envelope 
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2.6 Specific Heat Capacity (Cr) 

The specific heat capacity at constant pressure has been calculated and the results are presented 

in Figures 2.19-2.21. If one looks closely at Figure 2.19, we observe a relation between the 

specific heat and Fi . From the Figure the ionisation zones correspond to an increase in Specific 

Heat Capacity. 
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Figure 2.19: Plots of the specific heat capacity as a function of optical depth for effective 

temperature Ieff= 7000 K and surface gravities (log g=3.5 & log g=4.0). The solid line 

was calculated using normal ATLAS9 EOS. The (lotted line was calculated using OPAL 

EOS. These are niodels of the atmosphere and upper layers of the envelope. 
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Figure 2.21: Plots of the specific heat capacity (C,5 ) as a function of optical depth for 

various effective temperatures (T ff =SIiOO K 8500 K) and surface gravities (log g=3.5- 

4.). The solid line was calculated using normal ATLAS9 EQS. The dotted line was 

calculated using the OPAL EQS. These are models of the atmosphere and upper layers 
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Chapter 3 

Inclusion of OPAL EOS in ATLAS9 

program 

3.1 Inclusion of OPAL EOS 

In this chapter, we have calculated the new grids of model atmosphere by including the OPAL 

EOS mterpolation routines in the ATLAS9 code. The importance of making such atmosphere 

models is that we may use these models to (10 spectroscopic work and consequently calculate the 

composition of a star. This according to Kirby (2011) is done by first making a niodel atmosphere 

from which a synthetic spectrum can be calculated. Our models have been developed with a 

great amount of precision and reliability using various effective temperatures (6500 K-9500 K ), 

surface gravities (log g = 3.5-log g=4.5) 	d 	i*011  X733. Y=0.2498 and Z=0.0172).a 

We 

 

have modified the atlas9memmi—iiewodf.for code in our hid to include the OPAL EOS routines 

in the ATLAS9 prograni. \Vhat this inplies is that there were subroutines that were modified 

iii this code so as to include the esac.f code from OPAL. In this Chapter we (hscllss the results 

obtained when ATLAS9 program was modified. In mimodifying the ATLAS9 program we had to 

be mindful that the program was developed with certain conditions and that our models had to 

be computed for conditions that are found in stars. Also, according to Trampedach et al. (2006) 
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it is a difficult task to improve an EQS beyond the model of a mixture of an ideal gas. The 

significance of modifying and improving the models done before is that we have indicated the 

physical 1iinits associated with the ATLAS9 program. Spectra were computed as well from the 

model atmosphere and these spectra were calculated for the optical region of the spectrum. 

3.2 Converting ATLAS9 elemental Abundances 

Prior to including the OPAL EQS in the ATLAS9 program it was key to note that ATLAS9 

input specifies the number fraction of the first 99 elements of the periodic table. Main sequence 

stars generally have a higher fraction of hydrogen and helium nuclei. With hydrogen contributing 

about 92 of the nuclei and helium 7.8 	of the nuclei. This implies the number fraction in 

abundance of hydrogen and helium is as high as about 98 Y and the remaining 2 Y is the 

contribution by heavier elements (Fall. 2003). In ATLAS9 these heavier elements are presented 

in logarithmic form to simplify their minilte quaritit ies. 

For uniformity in the outcome for the respective abundances of elements used in OPAL EQS 

and opacity tables, the number fraction used in ATLAS9 had to be converted to the mass 

fraction. This was accomplished by nmultiplyiig each element by its relative mass to get the 

total mass that the normalised abundance would accumulate. The next trivial step was that 

of adding the individual elements into the heavier elements (Z). Hydrogen (X,1 ) and Helimun 

(Y). A program was written to implement this. Also, the significance of converting ATLAS9 

elemental abundances to mass fractions is due to OPAL EQS tables working in mass fractions. 

Furtl1er1)re the correct mass fractions computed have been used in the matching code to see the 

effect of composition when matching the envelope to the atniospliere. Abuiidance evaluations 

done previously indicate that even though a 1-D homogeneous model (l0C5 not give a good 

explanation about spectroscopic and photometric observations, the atmosphere models have come 

in handy to predict therniodynainic variables such as temperature gradient. This stellar variable 

has been foimmid to be ('loser to the radiative and matching observations better (Mont alban. 2004). 
I 
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Also recent studies by Trampedach et al. (2013) have attempted 3-D convection stellar models 

with a view of niatclnng advance stellar observations provided by MOST. COROT and Kepler. 

3.3 Density 

The density plots with convection included are shown in Figure 3.1. This was done for the 

modified ATLAS9 program and the original ATLAS9 code for the optical depths ranging from 

0.001< T < 10000. From the Figure we see major differences in the trends for higher optical 

depths and this is partly in line with the (liscussed opacity profile. This appears to he the case 

from low effective temperatures and log g =3.5. The differences are clearly seen in subfigures 

(e) and (f) for higher effective temperatures. We can then conclude that the higher the effective 

temperature and the lower the surface gravity, the greater the differences between the old AT- 

LAS9 and the new ATLAS9. 

From the profiles, we see the hydrogen ionisation zone at the point when the density starts being 

relatively constant and decreasing with increasing optical depth. The density decreases until the 

second clip at the first helium ionisation. Suhsequent to this we observe a steady increase in 

density gradient as we move to deeper layers in a star. What we note is the increase in density 

with optical depth, before the hydrogen ionisation zone and the first heliuni ionisation zone. 

At significantly higher temperatures the matter density becomes fully ionised. At these high 

temperatures with ionisation the Thomas-Fermi treatment usually has a reasonable Equation of 

Stite (Magni k Mazitelli, 1979). 

S 
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Figure 3.1: Plots of the deiisity as a function of optical depth for various effective 

teniperatures (Tj1=7000 K- 9500 K) and surface gravity (log g=3.5). The solid line was 

calculated using normal ATLAS9 EOS. The crossed line was calculated using ATLAS9 

with OPAL EOS. These are models of the atmosphere and upper layers of the envelope. 
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Figure 3.2: Plots of the (lelisity as a function of optical (lepth for various effective 

temperatures (Ieff=7000 K -9500 K) and surface gravity (log g=4.5). The solid line was 

calculated using normal ATLAS9 EOS. The crossed line was calculated using ATLAS9 

with OPAL EOS. These are models of the atmosphere and upper layers of the envelope. 
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Figure 3.3: The ratio of the old ATLAS9 densjtv to the new ATLAS9 density as a 

function of optical depth. The ratio was taken over the atmosphere region and the upper 

layers of the atmosphere. 

We have zooned in on the density plots as seen in Figure 3.3. From the Figure at low effective 

temperatures the old ATLAS9 and the new ATLAS9 match quite well with the ratio 	I. At 

these low effective temperatures for high surface gravity values we see an overestimation of the 

flew p value to the original ATLAS9 (ode. The new p is then underestimated for high optical 
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depths. This was observed for Figure 3.3 (a) & (c). For these iow effective temperatures, 

the percentage difference between the two old ATLAS9 and the new ATLAS9 ranges from 1.5 

%-5.5 %• At high effective temperatures, the matching between the old ATLAS9 and the new 

ATLAS9 prevails for log g=4.5 at high optical depths. For other depths at these high effective 

teniperatiires there is an underestimation to the original p ATLAS9 model atmosphere value. 

The resulting percentage difference at these high effective temperatures ranges from 2.8 %-18 

%. 

I 

3.4 Temperature 

We have also calculated temperature for the old ATLAS9 and the new ATLAS9 for various 

effective temperatures and surface gravity values. By doing our modelswith varied temperature, 

surface gravity and chemical composition we can infer the color indices as well as the metal 

abundances indicators. From this we can possibly (10 a main sequence of g vs temperature and 

make a comparison with the interior models. From the stellar interiors going outwards we know 

the temperature to he decreasing. From the plots in Figures 3.4-3.5, the deduction we have 

made is that we observe good mnatching between the old ATLAS9 and the new ATLAS9. This 

is seen in the first five (5) plots of Figure 3.4. 

The niisiimtch we observe is for high effective temperatures and higher surface gravity values as 

seen in Figure 3.4 (e). This is at effective temperature of T1  =9500 K and log g=4.5. Based 

On the work done in Chapter 2, there is a great deal of expectatiomi on the OPAL EQS to work 

well for the atmosphere regime. This is seen in most temperature plots by good niatchnig of 

the old ATLAS9 to the new ATLAS9 mmiodel atmosphere. The temperature profile is constant 

from the outer layers of the atmosphere towards the hydrogen ionisation zone at 	1. After the 

hydrogen ionisation Zone, there is a steady mcrease in temperature towards the inner layers of 

the atmosphere. 
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Figure 3.4: Plots of temperature as a function of optical dept-h for various effective 

temperatures (Tjj=700o K 9500 K) and surface gravity (log gHLS). The solid line wa 

calculated usilig normal ATLAS9 EQS. The crossed line was calculated using ATLAS9 

with OPAL EQS. These are models of the atmosphere and upper layers of the envelope. 
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Figure 3.6: The ratio of the old ATLAS9 temperature to the new ATLAS9 temperature 

as a function of optical depth. The ratio was taken over the atmosphere region and the 

upper layers of the atmosphere. 

We have also zoomed in on the plots for temperature as seen in Figure 3.6. At low effective 

temperatures for all surface gravity values, there is very good matching between the old ATLAS9 

and the new ATLAS9 for 0.0001 < T < 1000. The percentage difference between the two old 

ATLAS9 and the new ATLAS9 at these low effective temperatures ranges from 14 %--22 %. For 
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high effective temperatures, the percentage (lifferellce between the old ATLAS9 and the new 

ATLAS9 is 0.8 W. 

3.5 Pressure 

In Figures 3.7-3.9, we present plots for the pressure at the outer parts of a star and the inner 

parts of a star. As seen in Figure 3.7, the pressure has a similar trend to that of the temperature. 

The pressure increases with increasing optical depth in a star. The pressure and temperature 

are usually determined by the equations of stellar structure. We see an increase in pressure from 
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Figure 3.7: Plots of pressure as a function of optical depth for various effective tern-

peratures (T ff = 7000 K-750() K) and surface gravity (log g=3.5). The solid line was 

calculated using normal ATLAS9 EOS. The crossed line was calculated lisilig ATLAS9 

with OPAL EOS. These are models of the atmosphere and upper layers of the envelope. 

the outer layers of the atmosphere to the inner layers of the atmosphere. At the outer layers we 

see disagreement between the ATLAS9 and the modified ATLAS9. This nnsmatch is seen at the 

effective temperatures of T8f1  9500 K and log g= 4.5. We observe good matching between the 

old ATLAS9 and the new ATLAS9 for outer layers of the atmosphere. We have also seen that 

6 
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during the hydrogen ionisation zones the pressure stayed constant. 
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Figure 3.8: Plots of pressure as a function of optical depth for various effective tern-

peratures (Teff=O00 K-9500 K) and surface gravity (log g=3.5). The solid line was 

calculated using normal ATLAS9 EQS. The crossed line was calculated using ATLAS9 

with OPAL EQS. These are models of the atmosphere and upper layers of the envelope. 
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Figure 3.9: Plots of pressure as a finiction of optical depth for various effective tein-

peratures (Tfff =7000 K- 9500 K) and surface gravity (log g=4.5). The solid line was 

calculated using normal ATLAS9 EOS. The crossed line was calculated using ATLAS9 

with OPAL EOS. These are models of the atmosphere and upper layers of the envelope. 
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Figure 3.10: The ratio of the old ATLAS9 pressure to the new ATLAS9 pressure as a 

function of optical depth. The ratio was taken over the atmosphere region and the upper 

laiers of the at inosphere. 

We have also zoomed in on the pressure plot for the old ATLAS9 and the new ATLAS9. This 

was also clone by taking the ratio between the two. As seen in Figure 3.10 for low effective 

ten peratures, there is very good mnatchmg with the ratio 	1 between the new ATLAS9 and 

the old ATLAS9 at optical (leptliS 0.0001 < T < 50. At higher optical depths (i > 50) the 



Chapter 3. Inclnsion of OPAL EQS 
112 

original ATLAS9 code has a pressure value that is bigger than that of the modified ATLAS9 

code. At high effective temperatures there is a mismatch between the old ATLAS9 and the new 

ATLAS9 for a wide range in optical depths, with the original ATLAS9 code having a bigger 

value in pressure than the 1I1O(iified ATLAS9 code. As seen from Figure 3.10, we calculated the 
percentage difference to be ranging from 0.65 	% for low effective temperatures. At ingli 

effective temperatures the percentage (lifference ranges between 0.7 Yc5.5 . 

3.6 Electron Density 

The electron density is the number of electrons per nnit volunie. \Ve have also determined 

this electron density for temperature ranges of 6500 K < T,,ff < 9500 K and log g=3,5, 4.0 
and 4.5. 

This was done for the atmosphere and much deeper layers in the atmosphere. Since 

the polarisation is caused by the electron scattering, decreasing of electron density causes the 

decrease of optical depth. This is seen in Figure 3.11 for lower optical depths towards the 

surface and higher optical depths at the inner layers of the atmosphere. From Figure 3.11. we 

have observed that the ionisation zone is less prominent for higher effective temperatures as seen 
in Figure 3.11 (f). The zones we see at these temperatures are located near the surface, this 

is when we see a slight decrease in electron density and this nnplies a decrease in mass for this 

particular region. The effect of a decrease in mass is that we will not have enough mass available 

in this region to drive the osciliatioiis effectively. At lower effective temperatures we observed the 

i011isatioIi ZOIles nioving closer to the surface. The inclusion of OPAL EQS in ATLAS9 results 

in good niatcliing to the original ATLAS9 electron density profile. We see this good matchmg 

for lower effective temperatures and higher effective temperatures, 

For OPAL EQS in the envelope, it is important to note that the lonisation zone shown in Figure 
3.11 depends on the temperature and the electron density. From this we can deduce that time 

opacity can he calclllate(j using the grid of temperature and electron density. For pressure 
iollisation we have the star being affected by the electoii degeneracy. 
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Figure 3.11: Plots of the electron density as a function of optical depth for various 

effective teniperatures (Tff=7000 K-9500 K) and surface gravity (log g=3.5). The 

solid line was calculated using normal ATLAS9 EQS. The crossed line was calculated 

using ATLAS9 with OPAL EQS. These are models of the atmosphere and upper layers 

of the envelone. 
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Figure 3.12: Plots of the electron (lelisity as a function of optical (h,pth for various 

(iffective temperatures (T1f1=7000 K 950() K) and surface gravity (log g4.5). The 

solid line was calculated using normal ATLAS9 EQS. The crossed line was calculated 

using ATLAS9 with OPAL EQS. These are models of the atmosphere and upper layers 

of the envelope. 
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Figure 3.13: The ratio of the old ATLAS9 electron deiisity to the new ATLAS9 electron 

deiisity as a function of optical depth. The ratio was taken over the atmosphere region 

and the upper layers of the atmosphere. 

Having zoomed in on the electron density for the 01(1 ATLAS9 and the new ATLAS9. we have 

observed that the ratios follow the same argument as the density, temperature and pressure plots 

for low and high effective temperatures. The percentage difference for low effective temperatures 

ranes between 0.5 7-1.6 7. For high effective temperatures the percentage differences range 
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between 0.75 %-3.7 %. 

3.7 The Adiabatic Temperature Gradient (Vcd) 

The adiabatic temperature gradient was also calculated and in Figures 3.14--3.18, we present 

the results thereof. The adiabatic temperature gradient is defined by equation (1.17) for the 

OPAL model and the ATLAS9 program calculates the adiabatic temperature gradient as 

(DlnT'\ 	(0lnp 
Vad 	

alnP) (Ld 	3lnT)p 	
(3.1) 

The plots of the old ATLAS9 and the new ATLAS9 for the temperature gradient is the same for 

	

a wide range of optical depths. At higher optical depths (r 	60000), we see bumps in the old 

ATLAS9 profile and the new ATLAS9 profile. This may be due to the numerical instabilities 

in the two codes. At relatively higher temperatures (Teff  =7000 K) and higher surface gravity 

we see good matching between the two models. This is in stark contrast to the low temperature 

values and low surface gravity, where the misnatch is prevalent for high optical depths in the 

inner layers of the atmosphere. Throughout our survey, we note that good matching is found 

for log g =4.5 and this is seen in Figure 3.15. For extremely higher temperatures and low 

surface gravity, we see major differences between the old ATLAS9 and the new ATLAS9 (see 

Figure 3.15). We have observed that in the ionisation zones in a star, the adiabatic temperature 

gradient becomes small because the deep interior is fully lonised. 

When analysing the results for this thermodyrmaniic variable we noted the following; at higher 

surface gravities (log g=4.5) and low temperatures (T ff ) we see good matching between the 

Driginal ATLAS9 code and the nioclified version of ATLAS9. This is seen for Figure 3.14 (a) 

and Figure 3.15 (a). At these low temperatures there are humps observed in deeper atmosphere 

layers. This is seen for Figure 3.14 (a) & (h) and Figure 3.15 (a). At the low effective 

temperatures, we have observed that good matching between the two ATLAS9 codes is seen for 

low optical depths at the stellar surface. The opposite happens at higher optical depths where 
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Figure 3.14: Plots of the adiabatic ten perature gradient (j) as a function of optical 

depth for effective temperature T=650O K and various surface gravities (log g=3.5 

log g=4.0). The solid line was calculated using normal ATLAS9 EOS. The dotted line 

was calculated using ATLAS9 with OPAL EOS. These are models of the atmosphere and 

upper layers of the envelope. 

there is a mismatch observed. 

When we move towards nitermnediate temperatures (7500 K ( T ff 	8500) we observed the 
following; at low surface gravity there is a (iisagreerllent between the old ATLAS9 and the new 

ATLAS9 for ranges 40 	10000. This mismat (11 slowly narrows is we move towards higher 

surface gravity (log g4.5). This was observed for Figure 3.14 (a) & (h) and Figure 3.15 

(a). At higher effective temperatures we observed the adiabatic temperature gradient starting 

at a slightly lower value below 0.3. We have also observed that the high surface gravity values 

decreases the nusniatchm between the old ATLAS9 and the new ATLAS9 while for high effective 

temp(ratures we observed a great (heal of mismatch between the old ATLAS9 and the new 

ATLAS9. This argument is seen in Figure 3.18 and we further observed that high effective 
temperatures (lecreases the value of the adiabatic temperature gradient at the stellar surface. 
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Figure 3.15: 
Plots of the adiabatic temperature gradient 

(Vad) as a function of optical 
depth for various effective temperatures (Tj6500 K-7000 K) and surface gravities 

(log 9=3.545) The solid line was calculated using normal ATLAS9 EQS. The dotted 

line was calculated using ATLAS9 with ()PAL EQS. Illese are models of the atlilospliere 
and upper layers of the envelope. 
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Figure 3.16: Plots of the adiabatic temperature gradient (7(j( j) as a function of optical 

(leptll for various effective teniperatures (Tff=75OO K 8000 K) and surface gravities 

(log g=3.-4.5). The solid line was calculated using normal ATLAS9 EQS. The (lotted 

line was calculated using ATLAS9 with OPAL EQS. These are iiiodcls of the atmosphere 

and uner layers of the envelone. 
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Figure 3.17: Plots of the adiabatic temperature gradient (Vd) as a function of optical 

depth for various effective temperatures (Iej500 K- 0000 K) and surface gravities 

(log g=3.5 lJ) . The solid line was calculated using normal ATLAS9 EQS. The (lotted 

line was calculated using ATLAS9 with OPAL EQS. These are models of the atmosphere 

,ind llr)ner 1 avers of t lie (9 (\Jel One. 
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Figure 3.18: Plots of the adiabatic temperature gradient (VOId) as a fiuiction of optical 

(lepth for effective temperature I ff =9500 K and surface gravities (log g=3.5- 4.5). The 

solid line was calculated using normal ATLASlJ EQS. The (lotted line was calculated 

using ATLAS9 with OPAL EQS. These are models of the atmosphere and upper layers 

of the envelope. 
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Figure 3.19: The ratio of the old ATLAS9 adiabatic temperature gradient to the new 

ATLAS9 adiabatic temperature gradient as a function of optical depth. The ratio was 

taken over the atmosphere region and the upper layers of the atmosphere. 

As seen froin Figure 3.19 good matching prevails between the old ATLAS9 and the new ATLAS9 

for optical depths 0.0001 < T < 5.0. The new adiabatic temperature gradient from our modified 

ATLAS9 code is less than the original ATLAS9 code value for optical depths > 5.0. This was 

observed for both low effective temperatures and high effective temperatures. The percentage 
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difference for low effective temperatures was calculated to he in ranges 2.8 	8.5 % For high 

effective temperatures the differences was calculated to he ranging between 5.4 %18 %. 

3.8 The first Adiabatic Exponent (171) 

In Figures 3.20 3.23. we present plots for the first adiabatic exponent (F1). This adiabatic 

exponent is defined as 
= 	2 x p 

P 

where V, is the SPeed of SOund, p is the density and P is the pressure. The 171  function has the 

same Profile as the adiabatic temperature gradient. Also the profile of our modified ATLAS9 

prograin is the sanie as that of the original ATLAS9 program. The various ioflisation zones 

are prominent as well. We have observed that for low effective temperatures the misniatch is 

narrowed as we gradually move towards the high surface gravity. The humps are seen as well 

for much deeper layers in the atmosphere as seen in Figure 3.20 (a).(h) and (c). The mismatch 

at low optical depths is seen for F1  hut, it is not clearly seen at high surface gravities. What we 

have seen as well is that as the temperature increases the ionisation zones move closely towards 

the surface. Additionally, what we have observed is that for high surface gravities the profile 

flattens omit at low optical depths. We have observed that at lower optical depths. the profile of 

the modified ATLAS9 code is much steeper than the original ATLAS9 code. However, at high 

temperatures there appears to be numerical instabilities in the modified ATLAS9 code. This is 

seen for 0.001 	0.01. At the hYdrogen iomsation zone, we observed that at lower effective 

temperatures ( 7500 K) the old ATLAS9 and the new ATLAS9 match fairly well. However, 

at interimiediate effective temperatures (7500 	8000 K) we observed a imusmnatch and the 

original ATLAS9 code has a higher nmunerical value than time modified ATLAS9 code. Fr higher 

effective temnperat ures (), we have observed that as we moved towards high surface gravities, 

the nusmnatch gradually decreases. This was observed for Figure 3.22 (a), (h) and (c). At 

these higher effective teniperatures, the F is snialler and (loser to one while for lower effective 

teniperatures we observed a higher F1  value towards the surface. 

(3.2) 
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Figure 3.20: Plots of the first adiabatic exponent (F1 ) as a function of optical (lepth for 

various ef-lective temperatures (I f f=(iiU() K--ThUO K) and surface gravities (log g=3.5--

4J). The solid line was calculated using normal ATLAS9 EOS. The (lotted line was 

('alculate(I using ATLAS9 with OPAL EOS. These are models of the atmosphere and 

ii liner 1 iver of fliv PllVfhlflfl(1. 
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Figure 3.21: Plots of the first adiabatic exponent (F1 ) as a function of optical depth for 

various effective temperatures (Tr ff=7500 K-U(JO K) and surface gravities (log g3.5-

4.5). The solid line was calculated using normal ATLAS9 EQS. The dotted line was 

calculated using ATLAS9 with OPAL EQS. These are niodels of the atmosphere and 
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Figure 3.22: Plots of the first adiabatic exponent (171 ) as a function of optical depth for 

various effective temperatures (Ij=?5o() K 9000 K) and surface gravities (log g=3.5-

4.5). The solid line was calculated using normal ATLAS9 EQS. The (lotted line was 

calculated using ATLAS9 with OPAL EQS. These are models of the atnìosphere and 

imuner 1 aVerS of t- he envelone. 
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Figure 3.24: The ratio of the old ATLAS9 Ii  to the new ATLAS9 F1  as a function of 

optical depth. The ratio was taken over the atmosphere region and the upper layers of 

the atmosphere. 

As seen in Figure 3.24, the ratio of the old ATLAS9 to the new ATLAS9 is 1 for low optical 

depths and at lngh optical depths there is an underestimation of our new F1  value to the original 

ATLAS9 code value. At higher effective temperatures the agreement between the old ATLAS9 

and the new ATLAS9 is seen for low optical depths only. For higher effective temperatures. 
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the differences between the old ATLAS9 and the new ATLAS9 is seen at optical depths > 

0.01. The percentage differences between the old ATLAS9 and the new ATLAS9 at low effective 

temperatures ranges between 0.6 	1.65 	and for high effective temperature the percentage 

difference ranges between 1.1 X--6.3 . 

3.9 The Radiative Temperature Gradient 

In Figure 3.25- -3.27. we present plots of the Radiative Temperature Gradient (Vrad) defined as 

(0lnT'\ 
- 	 (3.3) Vrod 	

lnP) 	3M) Tg 

where P,Ot(Jl  is the total pressure due to the gas pressure, radiation pressure and turbulence 

pressure while g is the gravity. The first thing we notice are the peaks near optical depth ()= 

10 and near 'r= 1000. The niain peak near 'r= 10 is (Inc to the hydrogen ionisation zone, the 

second peak is peak near -r =1000 is due to the He II ionisation zone. A comparison of 
Vr ad 

calculated using ATLAS9 EQS to that calculated using OPAL EQS shows that good matching 

is observed throughout Figure 3.25- 3.27 except at low optical depths in the outer parts of 

a star, where there is a inisniatch between the two models. As we move towards high effective 

temperatures we have observed that the other zones st art appearing quite visibly as peaks. These 

are the helium ionisation zones observed at T 	10 000. This was observed in Figure 3.27 for 

high effective temperatures ( 8500 K). 

In Figure 3.27 (d), we have observed a mismatch between the two models at the hydrogen 

ionisation zone. We have also zoomed in on the two models to calculate the percentage difference 

between the two models. As seen is Figure 3.28. the radiative temperature gradient for the old 

ATLAS9 EQS and the new ATLAS9 EQS match quite well for high optical depths and this is 

seen with the ratio 	1 for optical depths > 0.001. However, t here were (hifferences between the 

old and the new ATLAS9 at low optical depths in the outer regions of a star. For this region the 

percentage difference between the old and the new ATLAS9 was calculated to he 90 Vc. 

a 
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Figure 3.25: Plots of the radiative temperature gradient as a function of optical 

depth for various effective temperatures (T0 ff=7000 K- 75d00 K) and surface gravities 

(log g3J -4.). The solid line was (alcillated using normal ATLAS9 EQS. The (lotted 

line was calculated using ATLAS9 with OPAL EQS. These are models of the atmosphere 

and 1 inner layers Of tile elivelone 
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Figure 3.26: Plots of the radiative temperature gradient as a function of optical 

(leptll for various effective temperatures (T 1 =000 K---500 K) and surface gravities 

(log g=3.5 --4.5). The solid line was calculated using normal ATLAS9 EOS. The clotted 

line was calculated using ATLAS9 with OPAL EOS. These are models of the atmosphere 

and the upper layers of the envelope. 
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Figure 3.27: 	Plot-s of the radiative temperature gradient as a function of optical 

(leptil for various effective temperatures (T1 j1 9oUO K - 950() K) and surface gravities 

(log g3.5--4.). 	The solid line was calculated using normal ATLAS9 EOS. The (lotted 

line Was calculated using ATLAS9 with OPAL EOS. These are models of atmosphere 

and upper layers of the envelope. 
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Figure 3.28: The ratio of the old ATLAS9 radiative temperature gradient to the new 

ATLAS9 radiative temperature gradient as a function of optical depth. The ratio was 

taken over the atmosphere region and the upper layers of the atmosphere. 
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3.10 Rosseland Mean Opacity 

In Figures 3.29-3.32, we present plots for the stellar opacity at different effective temperatures 

and surface gravity. We have calculated the opacity using the old ATLAS9 code and our new 
ATLAS9 code. These comparisons are shown in Figures 3.29-3.32. The trend that we observe 

shows the effect of ionisation zones on the Rosseland mean opacity. The humps that are seen are 

caused by the ionisation zones. These humps occur at different optical (leptils depending on the 

effective temperatures. For example. for higher effective temperatures we observed the hunips 

to appear at the photosphere. The first hump that was observed is caused by the hydrogen 

ionisation zone while the second one is due to the helium ionisation zone. The other humps seen, 

are not well defined and indicate the ionisation due to other elements. The hydrogen ionisation 

zone and the first heliuni ionisation zone are the most prominent zones we see for opacity. 

Since the temperature, pressure and density are the same in the new ATLAS9 and the old 
ATLAS9, it is not suprising that opacity (tc) is the same. At high effective temperatures (T Fff  = 

9500 K), there appears to be a major difference in the trends as seen in Figure 3.32 (a) and the 
percent difference ranges between 6.5 %--16 % as seen in Figure 3.33. However, the mismatch 

decreases as the surface gravity gradually increases for these high effective temperatures. Our 

visual inspection infornhs us of no differences in the trends for low effective temperature but 

a closer inspection by taking the ratio reveals that at low temperatures we observe diderences 

between the old ATLAS9 and the new ATLAS9 for higher optical (leptils. As seen in Figure 
3.33, at low effective temperatures we observed gocd matching for a wide range (0.001 < T < 8) 

of optical depths with a percentage difference of 1 % for optical depths > 8. As seen in Figure 
3.29, the opacity reaches a maxinium of 	200 while for higher surface gravities the niaximuin 

value reached for opacity is 	500. This was also seen in Figure 3.29. Also, the low surface 

gravities decreases the value of opacity. In a nutshell, we showed that the overall structure of 

the model was mnichanged. This good matching is due to the same ATLAS9 routines that were 

used to calculate opacity in the old ATLAS9 code and the new ATLAS9 code. 
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Figure 3.29: Plots of the Rosseiand mean opacity as a function of optical depth for 
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Figure 3.30: Plots of the Rosselaiid mean opacity as a function of optical depth for 

various effective temperatures (If ff=700 K 800() K) and surface gravities (log g=3.5- 

4.5). Time solid line was calculated using nornial ATLAS9 EQS. The crossed line was 

calculated using ATLAS9 with OPAL EQS. These are models of atmosphere and upper 

layers of the envelope. 
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Figure 3.31: Plots of the Rosseland beau opacity as a fuiictioii of optical depth for 

various effective temperatures (Trf f =OO K 9000 K)auud surface gravities (log g=3.5-

4.5). The solid line Was calculated lisilig normal ATLAS9 EOS. The crossed line was 

calculated using ATLAS9 with OPAL EQS. These are uuuodels of atmosphere and upper 

layers of the envelope. 
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Figure 3.32: Plots of the Rosseland mean opacity as a function of optical (leptil for 

effective temperature Trjj=9500 K and surface gravities (log g=3.5 4.5). The solid line 

was calculated using normal ATLAS9 EOS. The (lotted line was calculated using ATLAS9 

with OPAL EOS. These are models of atniosphere and upper layers of the envelope. 
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Figure 3.33: The ratio of the old ATLAS9 Rosseland mean opacity to the new ATLAS9 

Rosselancl mean opacity as a function of optical (Iepth. The ratio was taken over the 

atniosphere region and the upper laYers of the atniosphiere. 
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3.11 The Specific Heat (C1 ) 

In Figures 3.34--3.38, we also present plots for the specific heat capacity at constant pressure 

(Cr ) as a function of optical depth. The specific heat capacity at constant pressure, is defined as 

(OE) 	ot lap 
 

Pt 	
(3.4) 3T 

stat a I 

As seen in Figure 3.35, the only significant differences between the C calculated using the old 

Teti=6500 K and log g=3.5 	 Tefi=6500  K and log g=4.0 
3o.09 

250.89 

20,09 

20,09 

10.09 

50 + 08 

00001 0001 001 01 	1 	 +0 	too 1000 10000 100000 
Optical Depth 
	 o 

a DWI 0001 	001 	01 	1 	+0 	lOS 	+000 10008 100000 
Optical Depth 

(a) 

Figure 3.34: Plots of specific heat capacity (Cr) as a function of optical depth for 

effective teniperature I=65Oo K and surface gravities (log g=3.5-4.0). The solid line 

was calculated using normal ATLAS9 EQS. The (lotted line was calculated using ATLAS9 

with OPAL EQS. These are niodels of atmosphere and upper layers of the envelope. 

ATLAS9 and the new ATLAS9 are at larger optical depths (r > 50). These differences range 

from 6.5 %-19 %. However, at eflèctive temperatures higher than 8000 K, differences appear 

at lower optical depths. This is clearly seen in Figure 3.38 (a)-(c) for I=9500 K. There is 

a discontinuity seen in Figure 3.38 (a). This is due to the fact that OPAL EQS (0111(1 not he 

calculated for temperatures outside the normal (p, T) range. In such cases we used the ATLAS9 

EQS. The various ionisation zones were also observed for the specific heat capacity and these 
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are seen as pronunent lmmps. These ionisation zones correspond to the increases in the specific 

heat capacity. 
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Figure 3.35: Plots of specific heat capacity (Cr ) as a function of optical depth for 

various effective temperatures (Tfff =6500 K--7000 K) and surface gravities (log g=3.5-

4.5). The solid hue was calculated using normal ATLAS9 EQS. The (lotted line was 

calculated using ATLAS9 with OPAL EQS. These are models of atniospliere and upper 

layers of the envelope. 
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Figure 3.36: The Plots of the specific heat capacity (Cr) as a finiction of optical 

(leptll for various effective temperatures (T.11=7500 K OOO K) and surface gravities 

(log g=3.5 4.5). The solid line was calculated using normal ATLAS9 EOS. The (lotted 

line was calculated using ATLAS9 with OPAL EOS. These are models of atmosphere 

and upper layers of the envelope. 
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Figure 3.37: Plots of the specific heat capacity (C1 ) as a function of optical depth for 

various effective temperatures (Teff 8500 K 9000 K) and surface gravities (log g=3.5--

-1.5). The solid line was calculated using normal ATLAS9 EOS. The dotted line was 

calculated using ATLAS9 with OPAL EOS. These are iiiodels of atmosphere and upper 

layers of the envelope 
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Figure 3.38: Plots of specific heat capacity (Cr) as a function of optical depth for 

effective temperature T(ff =9500 K and various surface gravities (log g=3.5 4.5). The 

solid line was calculated iisillg nornial ATLAS9 EQS. The (lotted line was calculated 

using ATLAS9 with OPAL EQS. These are nioclels of atmosphere and upper layers of 

the envelope. We note the (liscontinluty in the new ATLAS9 profile at 	0.01 due to 

OPAL EQS not being valid at lower (T, p) temperature ranges. 
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Figure 3.39: The ratio of the old ATLAS9 specific heat capacity to the new ATLAS9 

specific heat capacity as a function of optical depth. The ratio was taken over the 

atmosphere region and the upper layers of the atniosphere. 

We have also zoomed in on the plots of the specific heat Capacities at constant l)r(UI. As 

seen in Figure 3.39, there is good agreement for low effective temperatures and at other optical 

depths there is a percentage (hiference of 7 %. 
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\ 3.12 The Density Derivative at constant pressure id log p 
11ogT.P 

The Density Derivative is the measure of how density fluctuates with respect to the temperature 

and pressure. The density derivative at constant pressure is given by 	p . The plots of dlogT 

as a function of optical depth are presented in Figures 3.40-3.44. Figures 3.40 

(a)—(d) show differences between the two methods at lower and higher optical depths. 
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Figure 3.40: Plots of the Density Derivative
(gT) at constant pressure as a function 

of optical depth for effective temperature Te ff =6500 K and various surface gravities 

(log g=3.5 & log g=4.5). The solid line was calculated using normal ATLAS9 EQS. 

The clotted line was calculated using ATLAS9 with OPAL EQS. These are models of 

atmosphere and upper layers of the envelope. 
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Figure 3.41: Plot-s of the Density Derivative 	at constant pressure as a fuiiction 

of optical depth for various effective temperatures (Tj1=65OO K 7000 K) and surface 

gravities (log g=3.5- 4.5). The solid line was calculated using nornial ATLAS9 EOS. 

The (lotted line was calculated using ATLAS9 wit-li OPAL EOS. ]Ihese are 1I1O(Iels of 

atmosphere and upper layers of time envelope. 
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Figure 3.42: Plots of the Density Derivative ( og  ) at constant pressure as a function 

of optical (leptll for various effective temperatures (T11=7500 K 8000 K) and surface 

gravities (log g=3.5-4.5). The solid line was calculated usilig normal ATLASl) EQS. 

The (lotted line was ('aiclilated using ATLAS9 with ()PAL EQS. These are models of 
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Figure 3.43: Plots of the Density Derivative () at constant pressure as a function 

of optical (leptll for various effective temperatures (T ff =85OO K-9000 K) and surface 

gravities (log g3.5 -4.5). The solid line was calculated using normal ATLAS9 EQS. 

The (lotted line was calculated using ATLAS9 with OPAL EQS. These are Wodels of 

atniosphiere and upper layers of the envelope. 
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Figure 3.44: Plots of the Density Derivative () at constant pressure as a function 

of optical for effective temperature Tff =95O0 K and surface gravities (log g=3.5--1i5). 

The solid line was calculated using normal ATLAS9 EQS. The (lotted line was calculated 

using ATLAS9 with OPAL EQS. These are models of atmosphere and upper layers of 

the envelope. 
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Figure 3.45: Plots of ratio of the old ATLAS9 Density Derivative at constant pressure 

to the new ATLAS9 density derivative at constant- pressure as a function of optical depth. 

The ratio was taken over the atmosphere region and the upper layers of the atmosphere. 

A on the axis stands for ATLAS9 and MA stands for Modified ATLAS9. 

The Density Derivatives at constant pressure were also closely looked at. From Figure 3.45, we 

see good agreement between the old ATLAS9 and the new ATLAS9 at optical depths of range 

0.001 < T < 9. The jercentage difference at these low effective teniperatures (T7ff 	7000K) is 
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in ranges 4 %-12 %. For high effective temperature at Te11 9000 K, the percentage difference 

ranges between 6.5 %-18 %. 

3.13 Density Derivative dlogp 
()T at constant temperature 

Figures 3.46--3.46 show comparisons of the density derivative at constant temperature. The 

dlogP()T measures the rate of change of the density with respect to pressure. The density 

derivative at constant temperature is given by ()=The peaks that we see are due to the 

ionisation zones. The peak that stands out is caused by the hydrogen ionisation zone. For other 

regions in the inner layers of the atmosphere, we have observed that the density derivative has a 

value 	1. This is the same as the density derivative at constant temperature for an ideal gas. 

For low effective temperatures, we see relatively good matching between the old ATLAS9 and 

the new ATLAS9 for optical depths ranging between < 0.01 ' < 1. At high optical depths, the 

newly calculated density derivative at constant temperature is slightly bigger than the original 

density derivative value. The percentage difference at these low effective temperatures range 

between 1.2 %--3.7 %. These percentage differences were calculated using Figure 3.50. Also, 

as seen in Figure 3.49, for high effective temperatures there is a prominent discontinuity for 

the new ATLAS9 at optical depths (0.001 < T < 0.01). This was observed for 0.01 < T 	1 in 

Figure 3.46 (a). (h) and (c) for low effective temperature. 
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Figure 3.46: Plots of the Density Derivative () at constant temperature as a 

function of optical depth for various effective temperatures (T(ff =6500 K-7000 K) and 

surface gravities (log g=3.5-4.5). The solid line was calculated using normal ATLAS9 

EQS. The dotted line was calculated using ATLAS9 with OPAL EQS. These are models 

of atmosphere and upper layers of the envelope. 
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Figure 3.47: Plots of the Density Derivative ( 	at cot stant temperature as a 

function of optical depth for various effective temperatures (T11 ff=7500 K--()OO K) and 

surface gravities (log g=3.5---4.5). The solid line was calculated using normal ATLAS9 

EQS. The dotted line was calculated using ATLASl) with OPAL EQS. These are models 

of atmosphere and upper layers of the envelope. 
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Figure 3.48: Plots of the Density Derivative () at constant temperature as a 

function of optical depth for various effective temperatures and surface gravities (log 

0'3.5--45). The solid line was calculated using normal ATLAS9 EOS. The (lotted line 

was calculated using ATLAS9 with OPAL EOS. These are models of atniosphere and 
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Figure 3.50: The ratio of the old ATLAS9 Density Derivative at constant temperature 

to the new ATLAS9 density derivative at constant temperature as a function of optical 

depth. The ratio was taken over the atmosphere region and the upper layers of the 

envelope A on the axis stands for ATLAS9 and MA stands for Modified ATLAS9. 
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3.14 The effect of OPAL EOS on the Spectrum 

A synthetic spectral grid for a given range of effective temperature, surface gravity and compo-

sition allows one to accurately determine certain stellar parameters for a given spectrum (Kirby, 

2011). Furthermore, a model is useful in computing stellar surface fluxes, surface intensities and 

molecular densities. The solar oscillation spectrum has also been somewhat dependent on the 

Equation of State (Hummer & Mihalas, 1988). A model spectra has previously been used to 

determine effective temperature, surface gravity and the composition. For our purpose, we have 

calculated the spectra for model atmosphere using the original ATLAS9 code and the modified 

version of this code. The significance of calculating the spectra was to see if the OPAL EOS 

added to the original ATLAS9 routines changed the original synthetic spectra in any way. The 

abundances used to calculate the spectra were the same as those that were used to compute the 

model atmosphere and are solar abundances. 

In Figures 3.51-3.53, we present plots for the spectra as a function of wavelength and the 

ratio of the intensities for the old ATLAS9 to the new ATLAS9, as a function of wavelength. 

The intensities were calculated for wavelength ranges of the optical region and this ensured that 

more details on the spectrum were seen. From Figure 3.51, we observed various absorption 

lines for the given wavelength ranges. At wavelengths A= 656 nm, we see the H lines, at \= 

486 nm we observed the H3  lines, at \= 434 nm we see H lines and at A= 410 urn we observed 

the H6  lines. We produced plots similar to Figure 3.51 (a), at different effective temperatures 

and surface gravit.ies. We also could not find the differences between the old ATLAS9 and the 

new ATLAS9 when we visually iimspected these plots at their respective effective temperatures 

and surface gravities. We thus zoonied in, by taking the ratio of the two spectra at optical 

wavelengths. What we have observed is that for higher effective temperatures (T ff  =8500 K), 

the differences between the old ATLAS9 and the new ATLAS9 are big (0.6 ) compared to 

models at lower effective temperatures (T(ff  =650() K) where we see slightly smaller (0.28 (XI) 

differences between the two methods. This is shown in Figure 3.51 (b) & Figure 3.52 (c). 

For effective temperatures T, ff 	K....8500 K with lower surface gravity (log g=3.5), we have 
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observed that the intensity of the modified ATLAS9 approach is much higher than that of the 

original ATLAS9 approach, this is shown in Figure 3.52 (b) & (c). If one looks at the two 

methods for log g=4.5, we have observed that the original ATLAS9 is higher than the modified 

ATLAS9 for effective temperatures (TPff  =6500 K-7000 K). The percentage difference between 

the two methods for log g=4.5 was calculated to be in ranges (0.13 % 0.23 %). When making 
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Figure 3.51: A plot of intensity as a function of wavelength for effective temperature 

Iff =6500 K and surface gravitity log g=3.5. The solid line in the first plot was 

calculated using normal ATLAS9 EQS and the dotted line was calculated using ATLAS9 

with OPAL EQS. Also plotted on the right is the ratio of the old ATLAS9 intensity 

as a function of wavelength. These are models of atmosphere and upper layers of the 

envelope. 

comparisons of spectra calculated with the two codes, we must bear in mind that the outer most 

layers of A-stars are so cool that the temperature and densities are outside the ranges of OPAL 

EQS tables. Due to time constraints, we used ATLAS9 EQS in these layers for all the models 

preseiited in this thesis. This introduces artificial discontinuities, especially in thermodynamic 

variables. Differences found in deeper parts of the models are more reflective of the differences 

between the physics of the two equation of state. Further calculations could be done as part of 
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Figure 3.53: A plot of intensity as a function of wavelength for effective temperature 

'off =6500 K and surface gravity log g=4.5. The solid line in the first plot was calculated 

using normal ATLAS9 EQS and the dotted line was calculated using ATLAS9 with OPAL 
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3.15 Comparing the new models to the old models 

We have compared the new ATLAS9 models to the old ATLAS9 models, to see if they are 

consistent. The variables we have compared are density (p) F1 , the adiabatic temperature 

gradient (7(j)  and F3  - 1. 

In Figure 3.54, we present the density results to see if the obtained density from our new 

models niatclies with the older models calculated. As observed from this figure, the new 

ATLAS9 density models calculated with ATLAS9 and OPAL EOS are generally consistent 

with the older models calculated with ATLAS9. The consistency was observed for both 

the upper layers of the envelope and the outer layers of the atmosphere. The (liscernible 

(hiferences were only observed for hotter models between the OPAL method and both the 

original ATLAS9 and the modified ATLAS9 (ATLAS9 + OPAL EOS). The new ATLAS9 

models for density agree more with the original ATLAS9 models at the inner parts of a 

star. 

In Figure 355, we present figures for the first adiabatic exponent to see if the previously 

calculated results are consistent with the new ATLAS9 model atmosphere results. From 

Figure 3.55, we notice the following; the profiles are the same throughout. In Figure 

3.55 (e), the F function calculated using the old and the new ATLAS9 code has a much 

steeper gradient at low optical depths compared to the OPAL uethod. For high surface 

gravities at log g=4.5 we note that the three models compared were virtually similar for 

low effective temperatures. Also at lower optical depths we see sinnlar trends and the same 

miiiinerical values for the modified ATLAS9 and the original ATLAS9. We also iiotcd that 

the OPAL method is always below the two ATLAS9 methods. The (liffereml('es range from 

15 % to 44 % and these differences are due to the physics involved in the calculations of 

OPAL EOS as opposed to ATLAS9 The modified ATLAS9 is consistent with the original 
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ATLAS9 for F:3-1 and Vad as seen in Figures 3.563.57. 
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Figure 3.57: Plots of Vad  as a fiuiction of optical depth for various effective temper-

atures and surface gravities. The solid line was calculated using normal ATLAS9 EOS. 
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Chapter 4 

Conclusions and Recommendations 

The primary aim of the research project was to replace the ATLAS9 EQS with the OPAL EQS 

in the ATLAS9 model atmosphere coie. Comparisons were (bIle for effective temperature range 

of 6500 K < Teff  9500 K. This was done to determine the effect of replacing the OPAL EOS 

in the ATLAS9 calculations of model atmospheres. The findings are that the OPAL EQS gives 

results similar to those of the original ATLAS9 EQS for this atmosphere region. This conclusion 

stems from the agreement between the ATLAS9 density (p) profile and the OPAL EQS density 

profile in the atmosphere region. The (liscrepancy for this stellar variable was only found in the 

high effective temperature models. This discrepancy was mainly prominent on the stellar surface 

at low optical depths with the OPAL approach having a steeper gradient. For the work that 

was carried out in Chapter 2. we saw differences in the ATLAS9 model atniospheres and OPAL 

EQS for therniodvnannc variables (F1 . 7d, C 	173  - 1). We noted that this was due to the 

differences in the therniodviiarmc states of gases between the old ATLAS9 and the new ATLAS9 

program that uses OPAL EQS. For the work carried out in Chapter 3, we changed the EQS used 

in ATLAS9 and we observed the following: For density, pressure and temperature the differences 

in the slope of the profiles may he due to (lifferent elemental composition at high optical (Iepths. 

Also. this may be (Inc to ionisation zones of other imietals. Furthermore, the different ways of code 

convergence may also account for the differences between the two methods at these high optical 
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depths. This same argument can be put forward for temperature. For all the thermnodynairijc 

variables, the differences that were seen were due to the different thermodynamic states of the 
gas. 

Furthermore, for density (p), the major differences between the old ATLAS9 and the new 
ATLAS9 were found in the upper layers of the envelope at higher optical depths. This 

was the case for all cooler models and hotter models. The differences in the slope for the 

density profiles may be due to other ionisation zones of metals at high optical depth. The 

percentage difference ranges between 5.5 %-18 %. 

For Temperature (T), very good matching was observed on the outer parts of a star for 

both hotter and cooler models. The differences between the old ATLAS9 and the new 
ATLAS9 were found in the upper layers of the envelope. This upper layer region of the 

envelope is the region where the temperature is reatively cooler. The percentage difference 

between the models for this region ranged from 0.32 %-22 7c 

For pressure (P), we saw relatively good matching at the surface for cooler models. The 

major differences were observed in the upper regions of the envelope. The percentage 

differences for this envelope region was in ranges 1.7 %-5.5 %. 

For the electron density (en ), we have also seen that major differences between the old 
ATLAS9 and the new ATLAS9 were seen in the upper regions of the envelope. The 

percentage difference were calculated to be in ranges 0.5 %-3.7 %. 

For the adiabatic temperature gradient (7íd) ,  the good matching between the old ATLAS9 
and the new ATLAS9 prevails for the outer parts of a star. As we moved to deeper layers, 

we have observed some differences between the two approaches. The percentage difference 

was calculated to be in ranges 2.8 X-18 %. 

For the first adiabatic exponent (171 ), we saw good imiatching at low optical depths for 

low effective teniperatures. There were differences between the old ATLAS9 approach and 
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the new ATLAS9 approach in the upper region of the envelope. For this thermodynamic 

variable, the percentage differences between the two approaches were calculated to be in 

ranges 0.6 %-6.3 %. However, in all models the 'hump' due to Helium II ionisation zone 

is more pronounced than in Model S (Cllristensen_Dalsgaard et al. 1996). This suggests 

somehow ATLAS9 exaggerates the Helium abundance in the second Helium ionisation zone. 

Indeed this 'bump' gets reduced when Helium abundance is increased. 

For the Rosseland Mean Opacity (n), we saw relatively good agreement in the upper layers 

of the envelope. For both cooler models and hotter, the difference between the new and 

the old ATLAS9 was seen in the outer parts of a star. The percentage difference were 

calculated to be in ranges 4.8 %-16 %. 

For the radiative temperature gradient 
(Vrad) ,  we observed good agreement for a wide 

range of optical depths. The disagreement was observed for the outer most parts of a star 
at T <0.001. The percentage differences were calculated to be in ranges of up to 90 % for 
cooler models (TF1J=7009 K) and up to 75510 for hotter models (Tejj  =9000 K). 

For the specific heat capacity (Cr), we observed that there was good agreement between 

the old ATLAS9 and the new ATLAS9 for the outer parts of a star. In the deeper layers, 

we saw differences between the two methods. The percentage difference was calculated to 
be in ranges up to 6.5 % for T ff =7000 K & log g=4.5 and UI)  to 40 % for T ff  =9000 K 

log g=3.5. 

• The Density Derivative at constant pressure 	for the two methods. was found to dlogT 

have agreed well in the outer layers of a star. This was for the cooler models at effective 

temperatures T(ff=70(JO K. There were differences between the two methods for both high 

effective temperatures and low effective temperatures in the upper layers of the envelope. 

The percentage difference was found to be in ranges 4 %18 %. 

For the Density Derivative at constant temperature ( g )T for the two methods investi-

gated, the findings were that good agreement was observed between the old ATLAS9 and 
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the new ATLAS9 for the outer parts of a star. The differences were found in the upper 

layers of the envelope. The percentage differences was calculated to range from 1.2 ¶6 % 

for Te1j=7000 K & Te ff=9000 K and log g=4.5. 

For the spectrum, the differences between the two methods were quite small and ranged 

between 0.13 %-0.6 % for both cooler and hotter models. 

Changing the EQS results in significant changes in thermodynamic variables of up to (90 % in 

Vrad for example) and the models changed up to 22 	while the spectra (10 not change much 

with only up to 0.6 % of a difference. From the opacity results, we see very good agreement for 

the opacity because the overall structure of the model was not changed significantly by inclusiomi 

of OPAL EQS in ATLAS9 model atmosphere. 

One of the major challenges was that OPAL EQS does not work well for low temperature opacity. 

We believe that this challenge can be solved by using an EQS that is easy to access and has 

EQS tables that can be used for low temperature opacity. We have made tests to our models 

by revisiting the matching code but the mismatch between the envelope and the atmosphere 

prevails. Perhaps the mismatch problem lies with the matching procedure used. 
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In this Appendix we outline how the calculations in Chapter 2 were carried out. We do this by 

explaining all the algorithms that were used to get the results. The first code that we used was 

the OPAL routine code called calling.f and esac.f. The function of calling.f was to call the 
routine esac.f. 

Before using these two codes we had to generate data (EOS5—data) by running 

separately a code called ZFS—interp_EOS5f This data was included in the esac.f code. The 

first step in our calculations was to create a stellar atmosphere model using ATLAS9. The output 

of this model included stellar variables such as temperature, pressure, electron density, density, 

rosseland mean opacity and optical depth. The models that were calculated were for various 

effective temperatures from 7000 K to 9500 K with varying stirface gravity from log g=3.5 to 4.5 

in steps of 0.5. The main generator of the model is depicted in Figure 4.1. We first calculated the 

OPAL density by using temperature and pressure as inputs. The other inputs were the stellar 

compositions. The code below calculates density as subroutine r =rhoofp(xh,ztab.tO,pirad) 

where xh is the hydrogen composition, ztab is the composition of all elements heavier than 
helium, t6 is the temperature, P is the pressure and irad is nsed to either make a radiative model 
or a non-radiative model. 
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o -f fort,* 

In -s KappOO.ros fort.1 
In -s p00big2.bdf fort.9 
in -s nolecules,dat fort.2 
St3rt1ng rodel assignation 
In -s a00t8000g45.rod fort.3 
./at1as9enneodf3,e*e 	EOF 
READ KAPPA 
READ PUNCH 
MOLECULES ON 
READ YOLECULES 
REQUENCiE5 337 1  337 BIG 
VTURB O.0E5 
CONVECTION OVER 1.25 0 
TITLE Teffz10000 Todel 4 
ABUNDANCE SCALE 	1.00000 ABUNDANCE CHANGE I 0.91930 2 0.37824 
ABUNDANCE CHANGE 3 .10,34  4 -0.64 S -9.49 6 -3.52 7 -4.12 8 -3.21 
ABUNDANCE CHANGE 3 	48 110 	3 6 1 1 	5 71 12 -4 	3 	5 57 14 	4 49 
ABUNDANCE CHANGE 15 -c 59 16 	4 '1 117 	n 54, 78 -% 64 i9 -6 92 20 -5 t.8 
ABUNDANCE CHANGE 21 -8.87 22 -7.02 23 -8.04 24 -6.37 25 -6.65 26 -4.54 
ABUNDANCE CHANGE 27 -7.12 28 -5.79 29 -7.33 30 -7.44 31 -9.6 32 -8.63 
ABUNDANCE CHANGE 33 -9,67 34 -8.63 35 -3.41 36 -8.73 37 -9.44 38 -9.07 
ABUNDANCE CHANGE 39 -9.80 40 -9.44 41 -10.62 12 -10.12 43 -20.00 44 -10.20 
ABUNDANCE CHANGE 45 -10,92 46 -10.35 47 -11.10 48 -10.27 49 -10.33 50 -10.04 
ABUNDANCE CHANGE 51 -11.04 52 -9.80 53 -10.53 54 -9.37 55 -10.91 56 -9.91 
ABUNDANCE CHANGE 57 -10,87 58 -10.46 59 -11,33 60 -10.5361 -20.00 62 -11.03 
ABUNDANCE CHANGE 63 -11.53 64 -0,32 65 -11.69 06 -10.90 67 -11.73 08 -11.11 
ABUNDANCE CHANGE 69 -12,04  70 -10,96 71 -11.98 72 -11.16 73 -12.17 74 -10.93 
ABUNDANCE CHANGE 75 -11.76 76 -10.59 77 -10.69 78 -10.24 79 -11.03 80 -10.91 
ABUNDANCE CHANGE 81 -11.14 32 -O.39 83 -11.33 84 -20.00 85 -20.00 86 -20.00 
UNDANCE CHANGE Q7  20. 10 F8 -10 0 39 -70 00 90 -11 iS 91 -0 30 92 -12  ,4 

ABUNDANCE CHANGE 33 -20.00 33 -20.00 95 -20.00 36 -20.00 97 -20.00 98 -20.60 
ABUNDANCE CHANGE 39 -20. 30 

CALCULATE STARTING YODEL 500 DEPTHS STARING AT -4.00 SPACING 0.125 
CORRECTIONS ON 
SCALE 72 -4.000 0.125 3000, 4,50 
ITERATIONSIS PRINTI 10000000110001 

PUNCH 1 0 0 0 0 0 0 0 0 1 3 0 0 0 1 
BEG I N 

SCALE 72 -4.000 0.125 8000. 4,50 
ITERATIONS'S 

	

	PRINT I 100000001 10001 
PUNCH 100000000130001 

BEG I N 
END 

Figure 4.1: An example of all input script.. 
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Program written by Papi Lekwene to calculate the specific heat capacity (Cp) using the for-

hula. 

Cp  = (171  x C)/(x) 	 (4.1) 

real E5E6,E7,rhox2,n,rhox,t6,p,po,densjtyp1p3 

x tau,p5,p6.p7.p8,CP1 

integer i 

open(unit=50.file=" CV.dat" .status=" unknown") this is Cv, specific heat capacity with con-

stant volume (eos(5)). 

open(umt=51,file="Xt.dat" .status="uiiknown") ! this is eos(6), Xt 

open(unit=52,file=" E7.dat" ,status=' unknown") ! this is Xp 

open(unit=53.file="CRdat" status="unknown") ! where we write data for opal 

open(unit=55,flle=" vsouiid4. 5=7000.dat" .status=" unknown") 

open(unit=54,file=" oriGer70004. 5a.dat" .status=" unknown") 

open(unit=59,file="J-Jt.dat" ,status="unknown") ! for atlas9 

i=1 10 read(50.*,end=20)E5,t,au 

read(51 ,*,end=21 )E6,tau 

read( 52, * .eiid=22) E7.tau 

read(54,* en(1=23)nurn.rhox,t6,p,po.densitypl ,p3,tau,p5,pG,p7,pS 

read(55,* ,end=30)rhoxl Ptotal,Pturb,PRDADB,DLTDLPVelsd 

x DLRDLT.Cp,H,Vconvec,cocn 

PriIlt*,I) 

CP1= ( ( ((p)/(density*t6) ) *( ( (E7) ** (2) )/(E6) ) )-( E5)) 

print*,CP1 

CP1= (E6*E5)/(E7) 

write(53.*)CP1,tau  ! writing to opal file 



Appendix A. Appendix A 
	

187 

writ e(59,*)Cp,tau  ! writing to atlas9 file. 

i=i+1 

goto 10 

20 close(50) 

21 close(51) 

22 (lose(52) 

23 close(54) 

close(53) 

30 (1OSe(55) 

cud 
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In the following appendix we outline how the calculations in Chapter 3 were done. 

In the main program of atlas9v.for, the following declaration variables and common blocks 

were made. 

pararneter(mx=5.mv= 1O.nr= 169) 

real rhoofp,t6.1)p.xh,ztab,rrhox(kw),esact,eos,xxh,zztab 

common /opalv/ xh,ztab.irad 

common/eeos/esact ,eos (nlv) 

Variable rhoofp represents the function that OPAL calculates for the (lensity, t6 is input temper- 

attire from ATLAS9, pp is the pressure, xh is the hydrogen fraction in mass, ztab is the fraction 

for all elements heavier than helium. 

The following program statement defines how we called the subroutine convAB This statement 

was written in the main program. 

call convAB() 

print*.'xh,ztab ',xh.ztab.irad 

444 formnat(1pe23. 14,1pe23. 14.1p50e23.14) 

call convec 

write(39,*) 

write(39,*)TAUROS TEMP PRES RHO KAPPA GRDAB CP GAMMA1 NABLA' 

(10 j=1.NRHOX 

write(39,444)tauros(j) ,T(j ) P(j) ,rho(j ) ,abross(j  ) ,grdadb(j) 

x heatcp(j) ,velsnd(j)**rho(j)/P(j ) ,dltdlp(j), 

x (llrdlt (j) .cllrdlp(j) 

endd() 

close(39) 

SUBROUTINE convAB() 

real*8 el,sumjnass,tinass,sMass,atMassu,a,d,Y,Z1 
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real xh,ztab 

double precision Ntot al, NH, NHe,ABUND 

double precision ATMASS,ELEM 

common /opalv/ xh,ztab.irad ! OPAl variables in a common block 

COMMON /ELEM/ABUND(99),ATMASS(99),ELEM(99) 

sum=0.0 

irad=1 

sMass=1.989e30 mass of the Sun 

atMassu= 1. 66053886e-27 !atornic mass 

c PRINT*, sMass ,sMass,atMassu  

(10 j=3,99 !leave out Hydrogen and Helillm 

Z1=(10)**(ABUND(j)) the number fraction of heavy elements. 

inass=ATMASS(j) 

tmass=(mass*atMassu) ! atomic weights, just conversion 

a=Z1*tmass  

surn=sum-+-a !rest of the elements as one entity 

c PRINT*  ,Z1 ,mnass,tmass,a,sum 

enddo 

C (1=(0.91930*atMassu)+(0,07824*4.003*atMassu)+(sum) 

Ntot al= (sM ass) / (d) 

NH=Ntotal*0.91 930 

NHe=Ntota10.07824 

xh== (NH*atMassu)/  (sMass) 

Y=z (NHe*4.003*atMassn)/(sMass) 

ztab= 1 .-xh-Y 

priIlt*.HAN() '.ztab.d.Ntotal,NH,NHe 

c print*,Y 

C I)rint*,xh 
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1000 format(f2.3) 

RETURN 

END 

Program that converts the Grevesse solar composition (in number) to the atlas9 composition. 

real Ael,Nel,NH,Nat,He,Rel 

integer i 

N H =0.91930 

He= 10.93 

open(92 .file=" SSScomp. dat" .status=" unknown") 

open(93 ,file=" convert .dat" ,status=" unknown') 

i=:0 

10 read(92,*,end=20)de  

Nat=10**(Tje 12)*NIJ !HELIUM CONVERSION 

Rel=de-12 !working out the rest of the elements in log scale as in atlas9 

write(93,*)Rel 

i=i+1 

goto 10 

20 close(92) 

close (93 ) 

The following program was written to compare the original ATLAS9 spectrum with the mod- 

ified ATLAS9 code. 

paranieter (nmmu=20, N= 5000) 

real*8 wav( N) ,In( nmmii. N), nmu(nmmu) ,freq, te,logg 

(.haracter* 10 inn 

111 FORMAT(51-ITEFF ,F7.0.91-1 GRAVITY,F8.5.1X,A4/6HTITLE 74A1) 

112 FORMAT(13,' ANGLES'.10F7.4/1OX,10F7.4) 

open(unit= 11 ,file= 'intensM .(Iat' ,status= 'unknown') 

read(11,111)te.logg 
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c read(11,*) 

read(1 1,1 12)nrnu,(inu(j),j=1, 17) 

415 read(11,416.end=417)i,WAV(i),FREQ,(IN(j,i),j=1,NMU) 

416 FORMAT(9HINTENSITY,15,F9.2.1PE15.6/(1P8E10.3)) 

418 FORMAT((1P18E1O.3)) 

write(* ,418)wav(1) ,(IN(j,i) ,j=1 ,Nmu) 

i=i+1 

goto 415 

417 continue 

close(11) 

end 

to compare the modified ATLAS9 and the original ATLAS9 code we wrote the following code. 

In the subroutine READIN (MODE) the following changes were made. 

parameter (rnx=5 .mnv= 10.nr= 169) 

real rhoofp,t6,pp,xh.ztab,rrliox(kw),esact,eos.xxh,zztab 

common /opalv/ xh ,zt ab, irad ! opal variables 

common/eeos/esact .eos( my) 

parariieter( nnimnu=20, N =5000) 

real*8 wav(N) .In (nmniu. N) .mu ( nmmu) .frec,te,logg 

chai.acter*4 inn 

111 FORMAT(1(5HTEFF ,F7.0,9H GRAVITY,F8.5,1X,A4/6HTITLE ,74A1)) 

112 FORNIAT(13,' ANGLES',10F7.4/1OX,10F7.4) 

open(uriit= 11 ,file= 'i00t6500g35Mol.dat' .statiis= iinknown') 

open(unit= 12, file=" 0PAL650045.dat" .status=' iiiiknowii") 

c open(imnit= 13, file=" ATLAS9650045.dat", status=" unkwown") 

read(11,111)te,logg 

read( 1 1,*) 
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read(11,1 12)nmti.(mu(j),j=1.17) 

i=1 

415 read(11,416,end=417)i,WAV(i) ,FREQ,(IN(j,i),j=1,NMU) 

416 FORMAT(9HINTENSITY.15,F9.21PE15.6/(1P8E103)) 

418 FORMAT((1P18E10.3)) 

writ.e(* ,418)wav(i) (IN(j i) ,= 1 ,Ninii) 

write(12,418)wav(i) ((IN(j,i) ) /le-141 ,j=1 ,Nnui) 

c write(13,418)wav(i) ,(IN(j,i) ,j=1,Nnui) 

i=i+1 

goto 415 

417 continue 

close ( 11) 

close(12) 

close( 13) 

end 
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The Computer Platform 

The first set of calculations carried out in this thesis were done using an OPAL code developed 

at the Lawrance Livermore National Laboratory. The big directory were the code is stored 

has EOS data files and the interpolation codes. These calculations were carried out using the 

Darwin Kernel Version 12.5.0. This is an open source urnx computer operating system that 

was released by apple Inc. The code that composed this operating system was written in the 

C and C++ programming language. Furthermore, Darwin operating system supports the 64-

bit x 86-64 variant of the Intel x86 processors used in Macs. For our purpose, this operating 

system had FORTRAN 77 installed and various editting platforms such as nano for our computer 

scripts. The compiler that was used was the gfortran free FORTRAN 77 compiler from the Free 

Software Foundation (FSF). It can compile any code written in FORTRAN 77 and to compile 

and run such a code one needs to use the terminal command lines as follows. For our purpose, 

these calculations were first done using the command line gfortran -o calling.f calling esac2.f as 

the compilation phase. The program was consequently ran with the command ./calling. The 

modified FORTRAN program calling.f calls the program esac.f in order to retrieve the OPAL 

EOS. 

The second set of calculations were (lone using the Ubumitu 12.04 Long Term Support (LST) 

server at the UCT NASSP Lab. The compiler that was invoked was the FORTRAN ifort from 

intel. The ifort compiler calls on intel (R) FORTRAN compiler that is created, to put together, 

compile and link FORTRAN programs. The compiler processes FORTRAN language source and 

produces object tiles. The user then has to decide on the input and output desired by setting 

various options when the compiler is executed. For our purpose, this was (lone by invoking 

the compiler ifort by the command source atlas-compile3 where atlas-comnpile3 comitains source 

filenames and the compilation options. The atlas-cornpile3 was scripted as fort -c -save-i -tpp7 -w 

-V -WB -o atlas9memii-newodf3.o atlas91nemnewodf3.for, ifort -Vaxlib -static -zero -o atlas9memn-

newodf3.exe. atlas9memn-iiewodf3.o , where the for file is the file where all the modifications 
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were done. The .exe file is the output file that was ran on the atlas9 input script as shown in 

Figure 4.1. The atlas9 input file was ran with the command source teko4.sh  where the .sh file is 

the input script. This ifort compiler was used for the spectra calculations using different atlas9 

modified codes. 


