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Abstract

Stellar libraries for population synthesis

Christian Binggeli

Stellar population synthesis is a tool for modelling galaxies and their spectral energy
distributions. By combining the spectra of every star within a galaxy, it becomes
possible to form the spectrum of the galaxy as a whole. This requires a large
collection of stellar spectra which, ideally, contains spectra for every kind of star in
the model galaxy. To contribute to the development of stellar population synthesis
and model atmospheres, I examine two such collections of stars, the MARCS and
ATLAS9 theoretical stellar libraries. I compare 18 spectra of model stars for which
both libraries have performed calculations. Stars with three different temperatures
were chosen (8000K, 4500K and 3500K). For each temperature, three values of
metallicity and two values of effective gravity were chosen. I find a mismatch in the
spectra of the medium and low temperature model stars (4500K and 3500K), in
addition, a difference in molecular features (~7000Å) is found in the 3500K low
metallicity models ([Me/H]=-2.5). I conclude that this difference is caused by missing
molecular opacities for the calcium hydride (CaH) molecule in the ATLAS9 library.
Four possible causes of the overall mismatch are discussed: the temperature
structure of the models; the geometry of the models; and partition functions used for
the calculation of the models.
I conclude that none of these four sources could produce the mismatch. This leaves
room for further investigation into the cause of the mismatch.
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1 Introduction
Throughout history, human kind has wondered how we came to be. Science has
reduced many of these questions to more concrete queries like “how did the first
stellar bodies form”. One of the big questions of this type is the one of galaxy
formation and evolution. This question is not easily answered, the huge number of
parameters that affect the formation and evolution of a galaxy turn the problem
into a rather complex one. Stellar population synthesis is a way to try to tackle this
problem. The technique is based on the notion of a galaxy as a collection of stars.
By calculating the light emitted (spectra) from every single star in a galaxy, one
can simulate the light emitted from the galaxy as a whole. Using this technique, we
can create synthetic galaxies that give us much insight into how the evolution and
structure of a galaxy are connected.

This thesis is focused on a stellar population synthesis by conducted by Olofsson
(1989). He used the evolutionary synthesis technique to model the evolution of
metal poor star forming regions. To get spectra for all the stars in the galaxy,
Olofsson used multiple so called ‘stellar libraries’. The stellar libraries are basically
just collections of spectra for many different stars. The spectra in the libraries
studied are all theoretical, meaning that they are created using theoretical models of
stars. In this study, I compare two stellar libraries and discuss if/how they differ and
how the difference may impact the population synthesis. I will also try to discuss
why there is a difference, and the physical processes or model assumptions that
lead to this difference. The stellar libraries that are the focus of this study are the
MARCS and ATLAS9 theoretical libraries. (For more information about the libraries
and about where they can be found, see section 2.3.1 and 2.3.2). The MARCS
library contains model stars in the temperature range 2500K ¤ Teff ¤ 8000K
while the ATLAS9 library contains model stars in the temperature range 3500K ¤
Teff ¤ 50000K. This means that there is an overlapping temperature region between
3500K � 8000K. Olofsson himself made a comparison of the spectrum in the upper
temperature region of the overlap. (8000K). However, a study comparing the whole
overlapping temperature region of the libraries was not done. By comparing the
libraries in depth, I hope to contribute knowledge about when it is convenient to use
which library, and whether it makes a difference when synthesising certain types of
galaxies. Furthermore, it is interesting to see how the different libraries have solved
the same problem, and what consequences the assumptions have had on the actual
spectra calculated from the models. Maybe most importantly, this thesis is a way
for me to get introduced into the subjects of stellar population synthesis and model
atmospheres.
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2 Background

2.1 Stellar Spectroscopy
Spectroscopy and the use of stellar spectra is, and has been for a while, a central
part of much of astronomical research. It has enabled astronomers to judge distances,
sizes as well as chemical compositions of astronomical objects. It relies on the fact
that each chemical element produces its own unique set of spectral lines. These
spectral lines are the same throughout the whole universe. This means that when
we look at a star far away, we can see what elements are present in its atmosphere.
Kirchoff summarised the different kinds of processes for production of spectra and
spectral lines in what is known as Kirchoff’s laws: (Carroll & Ostlie, 2007, 111-112)

• A hot dense gas or hot solid object produces a continuous spectrum with no
dark spectral lines.

• A hot, diffuse gas produces bright spectral lines (Emission lines).

• A cool, diffuse gas in front of a source of a continuous spectrum produces dark
spectral lines (Absorption lines) in the continuous spectrum.

Absorption lines are formed when atoms absorb photons. Due to the fact that
there is a distinct energy needed to excite an atom, only photons of a certain energy
(wavelength) will be absorbed, leaving a ‘gap’ or line in the continuous spectrum.
For molecules, the situation is quite different. Since molecules are not necessarily
symmetric in all directions, they can have rotational excited states, whereby a photon
causes a molecule to rotate. However, the molecules can also vibrate, giving them
another kind of excited states, vibrational states. Hence, the lines produced by
molecules in the spectra are bands rather than lines, due to the fact that photons
with a large range of energy can be absorbed.

A star is basically just a hot dense gas surrounded by a cooler atmosphere, mean-
ing that it produces a spectrum with some or many dark lines. This is due to the
atoms and molecules present in the stellar atmosphere. Photons leaving the star will
be able to interact with those atoms and molecules, giving rise to absorption lines.
The temperature of a star will have a strong effect on what spectral lines will be
present in the spectrum. High atmospheric temperatures will ionize heavy elements
and thus, the ‘normal’ absorption lines (that we see for a cooler star) will not be
present. For example, a star with a temperature of 30000K will only have absorption
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lines from helium, hydrogen and ionized heavier elements such as oxygen, nitrogen
and silicon. Still heavier elements will not produce any absorption lines in the visible
area, due to the high temperature ionizing them. The term ‘metallicity’ refers to
the ratio of metals to hydrogen (rMe{Hs � logppMe{Hq{pMe@{H@qq), written as
rMe{Hs, where @ means the solar value. Metal, in astronomy, usually denotes any
chemical element heavier than helium. Metallicity has effects on the spectrum of a
star. Since a higher metallicity means that more heavy elements are present in the
atmosphere, more absorption lines will show. Furthermore, a larger amount of heavy
elements will make it possible for more molecules to form if the conditions are right.
This means that a higher metallicity may cause the opacity of the atmosphere to
increase, restricting more photons from leaving the star. This may then in turn lead
to the atmosphere of the star expanding due to the radiation pressure and hence
cooling the star, making it appear more red.

2.2 Stellar population synthesis
Before I go into the population synthesis tool, I will mention that this study only
considers theoretical spectra, so when the term spectrum is used, I am actually
referring to a model spectrum. Stellar population synthesis is a tool for modelling
galaxies and their spectral energy distribution. By using the conception of galaxies as
a collection of stars, the light emitted from a galaxy can be viewed as the integrated
light of the stellar components within it (Olofsson, 1996). Thus, a galaxy can be
modelled simply by knowing what types of stars are present in the galaxy. Note that
this method relies on the fact that the galaxy we are trying to model is compact
enough that it can be observed as a whole. If the galaxy has an extended shape, the
creation of a spectrum for the whole galaxy can be difficult. There are two different
techniques for stellar population synthesis.

Firstly, a static (non-evolutionary) technique can be used, where the stellar pop-
ulation is already aged, which means that both old and young stars are present in the
model galaxy. The stellar population in this case could for example be fitted to ob-
servations by using a combination of stellar spectra. One of the first to attempt this
was Faber (1972). However, due to the number of free parameters, this method has
been abandoned, and more recent models are based on an evolutionary technique.

An evolutionary technique means that a stellar population is created, but in
contrast to the static technique, the stars are all created young. As time goes by,
stars age, die, and new stars are born. This makes it possible to study the history
of the galaxy and of the star formation taking place in it (Charlot, 1996). The
technique is still based on combining the spectra of stars, but now there is a time
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parameter included as well. This method relies on the knowledge of stellar evolution,
and to use the method one needs to know how the mass and metallicity of a star
affect its evolution. To be able to create a model using this method, an initial mass
function (IMF), a star formation rate (SFR) and a metallicity of the model galaxy
are needed. The IMF is a function that describes the initial mass distribution of
the stellar components within the galaxy (Salpeter, 1955). So it describes how many
massive versus non massive stars that are present in the galaxy initially, when the
stars are created. For example, a constant IMF would mean the same number of
massive as non-massive stars, whereas a decreasing function would mean that there
are less massive stars than non-massive.(Figure 1).

Figure 1: This is an example of a salpeter IMF plotted with α � 1.35 and α � 2.35.
m is the mass, Φpmqdm is the number of stars in each mass interval. Figure courtesy
of Kjell Olofsson, division of Astronomy and space physics, Uppsala University.

The SFR holds information about the amount of gas that is converted into stars
as a function of time. Depending on the desired type of star formation, a specific
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form of the SFR is needed. For example, if we want a short star burst, the SFR
can be set to be relatively high for a short duration, and then go to zero. For a
young galaxy, the chemical elements can be viewed as more or less homogeneously
distributed throughout the galaxy (Olofsson, 1989).

Figure 2: An HR-diagram showing evolutionary tracks for stars of different masses,
luminosity is plotted against temperature. The thick line represents the main se-
quence (where hydrogen is fused to helium in the stellar core). The numbers along
this line represent the stellar mass (in solar masses m@), a star with higher mass
will have a higher temperature on the main sequence. The smaller lines branch-
ing from the thick main-sequence line are the evolutionary tracks. They trace out
the different stages a star will go through in its lifetime. A star with mass 2m@
will after burning all the helium in the core move on to becoming a subgiant,
red clump, red giant and will eventually move onto the asymptotic giant branch.
Picture from Wikimedia Commons, http://commons.wikimedia.org/wiki/File:
Stellar_evolutionary_tracks-en.svg
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Using the IMF, SFR and metallicity, a model galaxy is created and evolutionary
tracks for every component of the stellar population are calculated (Figure 2). Using
a stellar library (see section 2.3), a spectrum can be calculated for each star at any
given time. This means that for any given point along the evolutionary track of any
given star, we can calculate a spectrum. And thus, a spectrum for the whole galaxy
can be created. This was done by Tinsley (1968),(1972) and Olofsson (1989). Olof-
sson used the technique for metal-poor star formation regions, using three different
stellar libraries. More recently, the evolutionary technique has been used by Bruzal
& Charlot (2003). The Bruzal & Charlot study used three stellar libraries, BaSeL,
STELIB and Pickles. BaSeL is a big theoretical library made by combining a number
of models from smaller libraries, among others, the ATLAS models. STELIB and
Pickles are observational (empirical) libraries.

Note that this study focuses on the stellar spectra of cool stars, so the effects of
emission, whether from stellar or nebular components are not discussed in detail.

2.3 The stellar libraries
In this study a stellar library is defined as a library of calculated wavelengths and
fluxes parametrized as a function of temperature, metallicity and effective grav-
ity. Given these parameters, numerical values of fluxes can be determined for each
wavelength point. The flux is a measurement of the energy transported by electro-
magnetic radiation through a surface. The fluxes are calculated by using theoretical
model stars or rather, model stellar atmospheres. This makes it possible to create
a model spectrum for any star. When creating the model stars that produce the
spectra, opacity sources have to be taken into account. By opacity sources I mean
all atoms and molecules that ‘block’ light and create an absorption feature. The
absorption features of a certain atom or molecule will only show in a theoretical
spectrum if they are included in the calculation of the model. It would, of course be
preferable to use an empirical stellar library, where each spectrum would come from
observation. However, to create a library that includes all kinds of spectral types
and masses would require a large number of observations. There are ongoing projects
where the goal is to create such libraries, for example, the STELIB project. And as
mentioned in sec 2.2, the STELIB library has been used for evolutionary synthesis
by Bruzal & Charlot (2003). In section 2.2, the BaSeL library was also discussed
in short. This library is a theoretical library, but some empirical corrections have
been made, for example for blanketing. (Bruzal & Charlot, 2003). Blanketing or
line blanketing is the phenomena when spectral absorption lines overlap. The over-
lapping absorption lines affect the temperature distribution, often making the star
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appear redder. (Swamy, 1968). The ATLAS9 and MARCS stellar libraries which
are discussed more in detail below are theoretical libraries. Many of the stellar li-
braries available do calculations under assumption of LTE or local thermodynamic
equilibrium, meaning that the thermodynamic properties (like pressure, temperature
etc.) are locally constant. This assumption of course is a simplification, it neglects
important physical properties. However, to abandon assumptions like LTE can lead
to technical and physical challenges (Gustafsson & Jørgensen, 1994).

There are stellar libraries available today that work under non-LTE conditions,
for example the library by Martins et al. (2005), which uses non-LTE for models
Teff ¥ 27500K.

2.3.1 The MARCS stellar library and models

The MARCS code and model stellar atmospheres have been a working project since
the early 1970s. Today, a large grid of late type (cool) stars is available for use via
the MARCS homepage (http://marcs.astro.uu.se/). The total number of model
atmospheres presented is about 104, within the interval 2500K ¤ Teff ¤ 8000K,
�1 ¤ logpgq � logpGM{R2q ¤ 5 and metallicity �5 ¤ rMe{Hs ¤ �1, where G
is the gravitational constant, M is the mass and R is the radius of the star. The
models consist of 100724 wavelength points and are calculated under the assumption
of local thermodynamic equilibrium. The low surface gravity models are spherically
symmetric, while the models with the largest surface gravities are of plane parallel
geometry. When looking at a star the geometry will decide how far we have to look
through the transparent atmosphere to see the non-transparent center. For example
in a plane parallel model, all rays will pass the same distance through the atmosphere.
In spherical models, rays further from the center will travel a longer distance than
those close to the center. In some cases, we will just look through the atmosphere and
not actually see the non-transparent center. For a more detailed discussion on the
geometry and radiative transfer topics, see Gustafsson et al. (2008). Line blanketing
has been considered while creating the models (Gustafsson et al., 2008). The MARCS
library has not primarily been developed for population synthesis. Despite that, as
mentioned in the introduction, the library has been used for this purpose, by for
example Olofsson (1989). Tables featuring molecular and continuous opacity sources
are available in Gustafsson et al. (2008).
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2.3.2 The ATLAS9 stellar library and models

The ATLAS9 model atmospheres have been a working project since at least 1970.
The library has at a later stage been extended by Fiorella Castelli and now contains
476 models in each grid (Castelli & Kurucz, 2004). Ranging from 3500K ¤ Teff ¤
50000K, 0 ¤ logpgq ¤ 5 and a metallicity of �2.5p�4q ¤ rMe{Hs ¤ �0.5.1 Mod-
els of rMe{Hs � �4 are available, but not models with metallicities �4 to �2.5.
Furthermore, fluxes for rMe{Hs � �4 are not available. . The models consist of
3500000 wavelength points (Kurucz, 1991). However, the models and fluxes have
been divided into wavelength intervals, and the models available on the Castelli
home page (http://wwwuser.oat.ts.astro.it/castelli/grids.html) consist of
1221 wavelength points. The models are calculated with the assumption of LTE.
(Castelli & Kurucz, 2004). The ATLAS9 model atmospheres are all calculated with
plane parallel layers, in contrast to those of the MARCS library.

1There are models with other metallicities. However, these are calculated with models stars that
have enriched themselves with heavier elements through fusion, and are therefore not relevant to
this study.
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3 Preparations

3.1 Selecting the model stars
For this study, 18 different model stars were chosen for comparison. Temperature
ranges were chosen to be 3500-8000K, since this is the region of temperatures where
the libraries overlap. Three temperatures were chosen for the comparison. Different
metallicities and effective gravities were chosen to see what effects they have on the
spectra. Microturbulence values of the solar-metallicity models are 0 km{s while
non-solar metallicity models have a microturbulence of 2 km{s.

Table 1: All the model stars for which the fluxes were compared. Note that for the
high temperature models, the lower limit of the gravity is 2.5 rather than 0 or 0.5.
The reason for this is simply that stars with a surface gravity lower than 2.5 cannot
reach these temperatures.

Effective temperature Metallicity logpgq
3500K 0.0 0.0
3500K 0.0 3.5
3500K +0.5 0.0
3500K +0.5 3.5
3500K -2.5 0.5
3500K -2.5 3.5
4500K 0.0 0.0
4500K 0.0 3.5
4500K +0.5 0.0
4500K +0.5 3.5
4500K -2.5 0.5
4500K -2.5 3.5
8000K 0.0 2.5
8000K 0.0 3.5
8000K +0.5 2.5
8000K +0.5 3.5
8000K -2.5 2.5
8000K -2.5 3.5
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Microturbulence is a small scale turbulence that can cause broadening of spectral
lines. Particles moving moving toward and away from the center of the star will be
experience a doppler shift, making it possible for photons of slightly higher or lower
wavelength to be absorbed. A full list of models used in the comparison is given in
table 1. Note that the mixing length parameter l{H of the ATLAS and MARCS
fluxes is different. The MARCS fluxes are calculated with l{H � 1.5 while ATLAS
uses l{H � 1.25. I will not explain what the mixing length parameter is, or how it
affects the fluxes, since this is outside of the scope of this study. I will just mention
that the effects have been considered during the process of comparing the models,
but were concluded to be small enough to not have a great impact on the fluxes.

3.2 Averaging and Plotting
Due to the different spectral resolutions of the MARCS and ATLAS9 data, the
resolution of the MARCS library had to be degraded. This was done so that the
fluxes can be compared in the same points. A ‘boxcar’ was used to create the average
of the MARCS fluxes in a given region (Figure 3). The region spans from halfway
in between each ATLAS9 point. This way, we are ensured that no points are used
twice, while using all the data available to us. Furthermore, the ATLAS9 fluxes
extend over a larger interval of wavelengths, therefore, about 150 points had to be
‘cut’ from the data. The comparison is done by plotting the MARCS and ATLAS9
fluxes. The plots for all models can be found in the appendix, there they are plotted
in three intervals, 3000�6000Å, 6000�9000Å, 2.1�2.4µ. From the plots, we are able
to graphically see differences between the features of the spectra. A mean difference
could also be calculated for certain intervals.

The boxcar could be done from each point to the next, without any consideration
of how the counting of the points is done. However, this method leads to some of the
points being counted twice and thus ‘smudging’ the features of the spectrum (Figure
4). This study does not use this method to avoid the problem of smudging.
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Figure 3: A Graphical description of the averaging process. The uppermost plot
shows the MARCS fluxes in original resolution. The second plot shows the ATLAS9
fluxes. The average of the MARCS fluxes are taken around each ATLAS9 wavelength
point, from halfway in between the points. The last plot shows ATLAS9 and MARCS
(now in ATLAS9-resolution) fluxes.

Figure 4: Plots of fluxes after averaging. The left plot was created using the ‘wrong’
method, where counting points twice causes a ‘smudge’ in the features. The right
plot was created with the method that avoids ‘smudging’ The latter method is the
one used in this study.
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4 Results & Discussion
In the following section I will present the results of the comparison. I will start with
the hottest stars (8000K), and move on to the cooler stars. I will show one of the
compared spectra for each temperature in the text (Figure 5, 6 and 7), each consisting
of three plots. The rest of the compared spectra can be found in the appendix (Figure
12). The hot models (8000K) produce similar results in flux regardless of the gravity
or metallicity (Figure 5). The metallicity and gravity of course have an effect on the
difference of fluxes, but the effect is not large enough to be analysed at any real depth
in this study. For all 8000K model stars compared, the difference between the fluxes
is small. This limits the discussion on the 8000K stars and we will simply note that
there is a small difference.

Figure 5: Fluxes for both li-
braries plotted in wavelengths
3000 � 6000Å (top left), 6000 �
9000Å (top right), 2.1 � 2.4µ
(left) for star type Teff �
8000K, logpgq � 2.5 and
rMe{Hs � 0.
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As mentioned earlier, I will only show one of the 8000K stars as an example,
and I will do the same for the 4500K and 3500K stars. For all the model stars
that were examined in this study, see appendix. The 4500K models do not match as
well as the 8000K models, the relative difference is significantly larger between the
libraries. The difference is not only present in certain points and intervals, but there
is an overall mismatch (Figure 6). By mismatch I mean that there is a difference
at a large number of wavelength points, as can be seen in the figure below. The
mismatch is most visible in the low metallicity stars, since the continuum is easier
to distinguish. The higher gravity stars show an even more pronounced mismatch.
We will return to this issue of the mismatch in section 4.2. The example below is
the star where the mismatch is clearest.

Figure 6: Fluxes for both li-
braries plotted in wavelengths
3000 � 6000Å (top left), 6000 �
9000Å (top right), 2.1 � 2.4µ
(left) for star type Teff �
4500K, logpgq � 3.5 and
rMe{Hs � �2.5. The mis-
match is clearest in the intervall
6000 � 9000Å
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In the 3500K model stars, the mismatch is even larger, here it can be seen clearly
in all chosen models (Figure 7). Again, it is clearer in the low metallicity models,
due to the more pronounced continuum. Furthermore, in the low metallicity model,
the MARCS spectra has an absorption band which does not show up in the ATLAS
spectrum. This band will be discussed more in detail in 4.1. Since the plots with
the missing band can be seen in 4.1, the plots below are those of a different model
star, where the mismatch is comparatively large.

Figure 7: Fluxes for both li-
braries plotted in wavelengths
3000 � 6000Å (top left), 6000 �
9000Å (top right), 2.1 � 2.4µ
(left) for star type Teff �
3500K, logpgq � 3.5 and
rMe{Hs � 0. The absorption
band discussed above is not vis-
ible here, for plots of the band,
see sec 4.1.
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4.1 The CaH molecular feature
As mentioned in section 4, the cool low metallicity models have a difference in molec-
ular bands. The MARCS fluxes show an absorption band at � 7000Å, while the
ATLAS fluxes do not (Figure 8). This band comes from the molecule CaH (calcium
hydride) 2. The reason that the band does not show up in the ATLAS fluxes is
probably because ATLAS does not include this molecule as an opacity source when
calculating the model stars.

Figure 8: Two of the stars where the molecular line difference can be seen. The
MARCS (blue) library has the molecular band, while the ATLAS(red) does not
seem to have it. The stars are: Teff � 3500K, rMe{Hs � �2.5 and logpgq � 0.5
(left) and logpgq � 3.5 (right)

Full tables containing all molecular species for the ATLAS9 model atmospheres
can be found in appendix. A molecular opacity list for the MARCS library can be
found in Gustafsson et al. (2008). Note that MARCS does have the CaH while
ATLAS9 does not.

2Personal communication, April 17, 2013. Bengt Edvardsson, Kjell Eriksson and Kjell Olofsson,
division of Astronomy and space physics at Uppsala university.
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4.2 Mismatch
In section 4 the problem of the mismatch was mentioned. In this section, I will
discuss possible causes of the mismatch. Firstly, I would like to mention that it is
not entirely clear what may have caused the mismatch, many factors may contribute.
The ones that I have looked into will be discussed in this section.

In total, there are seven model stars for which the mismatch is visible (Figure
9), although in the Teff � 4500K, logpgq � 0.5 and rMe{Hs � �2.5 the mismatch
is relatively small. One problem when discussing this subject is the fact that the
difference in fluxes is not constant or even systematic. By systematic I mean that
changing any of the parameters like gravity, temperature or metallicity will not
always have the same effect. So the mismatch may increase when increasing the
metallicity, and then decrease as the metallicity is increased even more. Furthermore,
the model stars from the MARCS library sometimes are bluer, and sometimes redder,
so the mismatch is not happening in only one direction (with respect to color).

In this study, I have considered four possible causes for the mismatch. The first
possible cause is the temperature structures of the models in each library. The
temperature varies with depth in the atmosphere, becoming hotter the further into
the atmosphere we move. If there is a difference in how this temperature change
looks in the different libraries, this may affect the fluxes. However, no significant
difference was found in the temperature structures.

Figure 9: Fluxes of the seven model stars that show a clear mismatch. These are
the first two of the model stars, the others can be seen on the next page. See top of
each graph for star type.
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Figure 9: Continued.

For more information about temperature structures and the effect on fluxes, see
Gustafsson et al. (2008). Figures comparing the temperature structures of the model
stars examined can be found in the appendix (Figure 11).

18



The second possible cause of the mismatch is the difference in geometry. For
the high gravity model stars plogpgq � 3.5q, this should not have an effect as this is
where the plane parallel and spherical produce the same spectra, so no matter the
geometry, the mismatch is still present. However, for the low gravity model stars,
this may have an impact. In Gustafsson et al. (2008) the topic of the geometry
and gravity is discussed in more detail, but basically, a difference in the geometry
of the model star can have the same effect on the fluxes as a change in gravity. A
comparison was done between fluxes from the MARCS library and fluxes from three
stars with different gravities from the ATLAS9 library (Figure 10). The filled lines
are the same stars (red ATLAS and blue MARCS) while the dotted green line is a
ATLAS model star 0.5 higher gravity, and the red dotted line is a ATLAS model
star with 0.5 lower gravity. The green line better matches the blue one in certain
intervals, for example at the peak (� 9000Å), but the mismatch is increased in other
intervals. Note that models use steps of logpgq � 0.5. This comparison was done for
the low metallicity star (rMe{Hs � �2.5 Teff � 3500K).

Figure 10: The effect on the fluxes from a change in gravity of the models. The fit
is better at the ‘peak’ of the spectrum for the model with higher gravity (green).
However, the fluxes still show a rather large mismatch in the short-wavelength end
of the spectrum.
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As discussed above, this comparison is only meaningful to do with the low gravity
stars as the geometry does not matter for the high gravity stars (logpgq � 3.5). A
better match might be found with a star with gravity logpgq � 0.75, but most likely,
the geometry difference only contributes to the mismatch, and therefore is not the
only source. A third possible source to the mismatch could be the partition functions
of the libraries. I simply mention this because it is a possible source. However,
a thorough investigation of this is unfortunately outside the scope of this study.
The fourth possible source of the mismatch is a possible difference in treatment of
molecules, but this was dismissed as being an unlikely cause of the mismatch, since
most molecules seem to be treated the same way in both libraries. An interesting
issue that came up in regards to the mismatch is the fact that model stars with high
metallicity do not show the largest mismatch. If the problem lies, for example in the
treatment of molecules, we would expect the mismatch to be the largest where the
most molecules could form, meaning the stars with the highest metallicity. The H2O
molecule was treated incorrectly in the ATLAS9 library, this has since been corrected
by Castelli in newer versions.3. Whether this actually impacted on the fluxes in this
study is hard to determine, but it does not seem very likely that a single molecule
would make such a difference.

3Personal communication, July 20, 2013. Fiorella Castelli, The Astronomical Observatory of
Trieste.
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5 Conclusions
The MARCS and ATLAS9 model atmospheres and stellar libraries do produce dif-
ferent spectra given the same model star. In this study, both differences in the
molecular absorption and differences in the continuum have been observed. Without
comparing these results to empirical data, it is hard to make a conclusion about
which model is more accurate. Further studies could be done to try to understand
the processes that create the differences. In the case of population synthesis, it is
hard to say if the differences will actually have an impact on the galaxy spectrum.
The dominating part of the light from the galaxy may for example come from hot
blue stars, in which case the effects of the difference in the cool stars may not even be
noticeable, except in the infrared spectral region. According to the MARCS model
atmospheres, the CaH band should be visible in the 3500K atmospheres. The AT-
LAS9 models seem to be missing this molecule in the calculations, which can be seen
in the molecular lists in appendix.

As discussed in section 4.2, the reason for the mismatch is not entirely clear. Nev-
ertheless, I have discussed four possible sources. When comparing the temperature
structures of the model atmospheres, no significant difference was found. The geom-
etry was also a topic that I discussed in chapter 4.2. A comparison was done between
fluxes of stars with different masses, as the difference between spherical and plane
parallel geometry can cause the same effect as a difference in mass. This compari-
son showed that varying the mass could cause better matches at some wavelengths,
while increasing the mismatch in others. The third cause that was considered was
the partition functions used to calculate the models. This topic has been mentioned
but not discussed at any length, since I consider it to be outside the scope of this
study. It is hard to draw a conclusion about whether these are enough to cause
such a considerable mismatch. The fourth possible source of the mismatch is the
subject of molecules and how they are treated. This is especially interesting when
considering that the metal poor atmospheres also have the mismatch problem. This
was dismissed as no being a likely source since most molecules are treated the same
way in both libraries. However, the subject of how the libraries treat molecules and
atoms is somewhat unexplored, and is a subject for further study.
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7 Appendix

Table 2: The molecular species considered in the ATLAS9 Equation of state. Courtesy of Fiorella Castelli,
The Astronomical Observatory of Trieste.
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Figure 11: Plots of the optical depth of the ATLAS9 (left) and MARCS (right) low gravity model atmospheres
studied in this paper. Temperature is plotted versus logpτrossq. The figure shows how the temperature of each
model star changes with depth in the atmosphere. The x axis represents the depth in the atmosphere, as we
move to higher x-values, we move closer to the core of the star. As we can see, temperature increases as we
get closer to the center of the star.
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