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Abstract

Cepheid variable stars have long been used as distance indicators due to their strong
period-luminosity relation. However, the period of a Cepheid is affected by its metal-
licity so any difference in metal-content between calibration Cepheids and Cepheids
being used for distance measure would lead to a systematic error in the distance calcu-
lated. Metallicity measurements are traditionally achieved by spectroscopic analysis
but this can lead to considerable uncertainties. Therefore, the first part of this thesis
looks at using double-mode, or beat, Cepheids to measure metallicity. Specifically, to
measure the metallicity gradient across the Triangulum galaxy, M33. Beat Cepheids
can be used to trace metallicity because their period ratio is sensitive to metal abun-

dance which is well described by pulsation models.

To find variable stars, image subtraction techniques are applied to observations of two
separate datasets of M33. PSF fitting photometry is carried out on the data to produce
calibrated light curves. The is also done to cross-calibrate the two datasets but an
amplitude discrepancy arises in many of the Cepheid light curves. This amplitude
problem is not caused by mismatching of the stars between the datasets, via either
pixel matching or WCS coordinate transform. Nor is there any correlation with the
Cepheid position in M33. Further investigation, beyond the scope of this thesis, into

this issue is required.
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The amplitudes are corrected using a scaling factor so that an Analysis of Variance
routine can be applied on the light curves to find Cepheid periods. Cepheids are only
kept if the ratio between their two strongest periods lies within an appropriate range.
3 beat Cepheids are found, on top of another 5 already known beat Cepheids, in M33.
The metallicities of the beat Cepheids are determined by comparing the period ratios
with beat Cepheids of known metallicity in the Milky Way and Magellanic Clouds.
The galactocentric distances of the stars are determined by deprojecting their celes-
tial coordinates with M33’s inclination and position angles along with the distance.
Therefore, the metallicity of M33 as a function of radius can be immediately obtained,
yielding the metallicity gradient across the galaxy. Using this method the metallicity
gradient of M33 is found to be steeper than measurements made by recent spectro-
scopic analysis of HII regions. This is more in line with what is expected from recent

work deriving the Cepheid Period-Luminosity relation for M33.

There exists a period-age relation for Cepheid variable stars. The second part of the
thesis aims to derive this empirically using observations of 6 stellar clusters in the
Large Magellanic Cloud. The age for each cluster is taken from literature and were
determined by Isochrone fitting. The same image subtraction techniques as used on the
M33 data are used to find Cepheids and their periods in the LMC clusters. Cepheids
are only considered to be cluster members if they fall within the half-light radius of
the cluster and have proper motions matching their host cluster. The mean periods
of the Cepheids in each cluster along with the cluster ages is then used to derive the

period-age relation.

The period-age relation derived here shows a steeper gradient than those produced by
models or previous empirical derivations. There is a large spread in periods of the
Cepheids in any given cluster that increases inversely with cluster age. This effect

cannot be replicated if the cluster’s population is recreated with a single stellar model.
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However, the period spread can be described using stellar models of multiple initial

rotation rates.
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Chapter 1

Introduction

1.1 Stars as Distance Indicators

Humanity has long looked up to the stars and wondered of our place in the Universe.
For millennia a geocentric model was accepted with the Sun and planets orbiting the
Earth. As telescopes improved with the advancement of lens manufacture, Galileo
Galilei could begin to observe the Solar System and Galaxy in much greater detail.

However, measuring the scale of our corner of the Galaxy remained elusive.

1.1.1 Stellar Parallax

During the Earth’s orbit of the Sun nearby stars seem to follow a similar elliptical
orbit while the more distant background stars appear to be fixed in place. Taking two
measurements 6 months apart gives a baseline of 2 astronomical units (AU), where
1 AU is the average distance between the Earth and the Sun, making it possible to
measure the angle, , that the star has appeared to move on the sky. This is twice the

parallax angle and is inversely proportional to the distance to the star. Therefore, it
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Figure 1.1: Determining stellar distance by trigonometric parallax. Where AU stands for as-
tronomical unit and 1 AU is the distance from the Earth to the Sun. Produced for this thesis.

becomes a basic trigonometric problem as shown in Figure 1.1. Setting the distance
between the Earth and Sun, 1, to 1 AU, measuring the parallax angle, p, in units of
arcseconds, as well as taking into account the small angle approximation, the distance
to the star in question, d, is yielded in parsecs (pc) as in Equation 1.1. Where 1 parsec

is the distance to a would be object with a parallax angle of 1 arcsecond (17).

r ||
tan(z) ~

d= (1.1)

=N

Before parallax measurements could be made the distance to the Sun needed to be
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accurately determined. In the early 18" century Edmond Halley surmised that by
observing the transit of Venus across the Sun one could infer the size of the Solar
System but Halley died well before the next transit of Venus was due to take place.
The 1760’s saw Venus transit the Sun twice leading to a global concerted effort to
observe the transits from multiple locations around the world which allowed Jerome
Lalande to determine a precise distance to the Sun. This meant that it would now be
possible to measure the parallax angle of another star. Then in the following century
breakthrough came when the first ever measurement of stellar parallax was conducted
by Friedrich Bessel (1838) who successfully determined the distance to the nearby star
61 Cygni. However, ground-based parallax measurements are realistically limited to a
precision of 0.017, even in good seeing conditions, limiting distance measurements

to a few tens of pc. To increase precision, space-based measurements are needed.

Hipparcos

The Hipparcos mission was launched by ESA in 1989 and until its termination in
1993 it measured precise positions and parallaxes of over a hundred thousand stars.
Hipparcos was able to measure down to a precision of a few milli-arcseconds meaning
that distances of several hundred pc could be determined (ESA, 1997). The first release
of Hipparcos data also included trigonometric parallaxes for 223 classical Cepheids
variables within the Galaxy (Feast and Catchpole, 1997). These measurements were
used to calibrate the zero-point of the Cepheid Period-Luminosity (PL) relation which
allows for distance measurements of tens of Mpc. The Cepheid Period-Luminosity

relation or Leavitt Law is discussed in chapter section 1.1.2.
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Gaia

ESA’s follow-up to Hipparcos is the Gaia mission which was launched in December
2013 (Gaia Collaboration et al., 2016). Gaia is able to measure positions and paral-
laxes with a precision between 10 and 100 arcseconds leading to distances up to ten
thousand parsecs (Gaia Collaboration et al., 2018). Due to the fact that Gaia surveys
the entire sky as well as possessing excellent astrometric precision it is able to measure
positions and velocities of stars not only in the Milky Way but also in nearby galaxies
such as the Magellanic Clouds meaning that cluster membership of Magellanic Cloud
Cepheids could be determined from the Gaia data releases, this will be discussed in

detail chapter section 4.4.

However, parallax measurements are limited to distances in our Galaxy even with the
most accurate astrometric methods available today. In order to measure to greater dis-
tances another method was needed. This came in the form of the correlation between

the period and luminosity of Cepheid variable stars.

1.1.2 The Leavitt Law

Henrietta Leavitt (1908) had been given the task of finding variable stars' whilst work-
ing as a ‘Computer’ at the Harvard College Observatory. The ‘Harvard Computers’
were a group of women hired by the Harvard College Director, Edward Pickering,
to analyse large quantities of astronomical data, many of whom went on to publish
significant findings and make important contributions to the field of astronomy (So-
bel, 2018). To find the variable stars Leavitt used a ‘blink comparator’ which rapidly

flashes between two images causing any objects that vary in magnitude to appear as

"'A variable star is a star whose brightness or magnitude increases and decreases on a regular period
of time that can easily be measured, hence the name variable.
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‘blinking” points. Leavitt identified several thousand of these objects and started to
wonder if there was a relationship between the length of the period and the luminosity,
which is the star’s intrinsic brightness or its absolute magnitude (M ). Unfortunately it
is not possible to tell the absolute magnitude of a star just by looking. Instead only the
apparent magnitude (m), how bright an object seems to someone observing, can be de-
termined. In order to calculate the distance to an object something called the ‘distance
modulus’, , is used. This is how distance d, in parsecs, to an object is measured by
calculating the difference between the apparent magnitude and absolute magnitude of

a celestial object as in Equation 1.2.

=m M =5log,,(d) 5 (1.2)

For this reason Leavitt looked at a specific type of variable star called a Cepheid that
inhabited the Small Magellanic Cloud (SMC) as all of its stars are roughly at the same
distance. She then plotted the apparent magnitude of 25 Cepheid Variables against
the logarithm of the length of their period, as shown in Figure 1.2, and found a linear
relation that is known as the period-magnitude or period-luminosity (PL) relation but
is now commonly referred to as the ‘Leavitt Law’ (LL) (Leavitt and Pickering, 1912).
The absolute magnitude of Galactic Cepheid variables was known, so by assuming this
value was universal, a method of calibrating the distance to any population containing

a Cepheid variable had been found by using the distance modulus equation.

Type la Supernova Calibration

In order to measure out to even further distances standard candles brighter than Cepheids
are required. This is where Type Ia Supernovae (SNe) enter the picture as they are

bright enough that they can be observed at distances of Gpc and the maximum lumi-
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Figure 1.2: Small Magellanic Cloud (SMC) Cepheid period-magnitude relation taken from the
paper by Leavitt and Pickering (1912), the panel on the left shows the apparent magnitude on
the y-axis with the period of the Cepheids in days on the x-axis and the panel to the right has
the same y-axis but the x-axis shows the logarithm of the period.

nosity of their light curves was thought to be ubiquitous. However, it was found that
not all SNe reach the same peak brightness but a correction can be applied so that they
can be used as standard candles. This is known as the Phillips (1993) relation which is
determined from the rate of decline of SNe Ia light curves. Furthermore, for them to
be useful they need to be calibrated. This is achieved by observing SNe in relatively
nearby galaxies that also contain observable Cepheids so that their distance modulus

(eq. 1.2) is known from the Leavitt Law (Sandage et al., 1992).

So far only a snapshot of distance measurement astronomy has been presented, the
following section briefly introduces a few other methods. Figure 1.3 shows how these

different methods are related and where Cepheids fit in.
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1.1.3 Cosmological Distance Ladder

Hertzsprung-Russell Diagram

The main tool for studying stars is the Hertzsprung-Russell Diagram (HRD) or Colour-
Magnitude Diagram (CMD), where the effective surface temperature (Tef¢) or colour
of a star is plotted against its luminosity or absolute magnitude. Stars of different types
(i.e. stars in different evolutionary stages due to age or mass) each occupy special
regions on a HRD or CMD. An array of a star’s characteristics, its mass, structure,
spectral class etc. can be understood by identifying the position of a star on these dia-
grams. One of the key regions on is the main-sequence? (MS) which can be fitted with
isochrones® in order to infer their distance modulus (eq. 1.2). Another useful position
is the tip of the red giant branch* (TRGB) as it has been found that the absolute bolo-
metric magnitude® varies by only 0.1 magnitudes independent of age and chemical

composition (Lee et al., 1993; Salaris and Cassisi, 1997).

Variable Star Methods

As well as Cepheids other types of variable star exhibit a PL relation such as RR Lyrae
(RRL) and Mira variables, variable stars will be discussed in more detail in section
1.2. The PL relation is not the only way to infer distances from variable stars. Another
method was developed by Walter Baade (1926) and Adriaan Wesselink (1946), they
showed that from the magnitude changes of a Cepheid due to its pulsation, it is possible
to obtain the change in the star’s diameter. The Baade-Wesselink method® relies on the

fact that variable stars physically expand and contract over the course of their pulsation

2Core Hydrogen burning stars.

3Modelled curves on the HRD showing a population of stars at a constant age and composition.
“The brightest point on the red giant branch marking the onset of Helium fusion in the core.
>The magnitude of the star taking into account electromagnetic radiation at all wavelengths.
6Sometimes referred to as the ‘pulsation parallax’.
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period. This means that not only does the star’s brightness change but also its radial
velocity, which can be measured via spectroscopic methods allowing for the star’s
radius to be determined. This is achieved by calculating the change in radius from
the time integration of its velocity curve and fractional radial changes from periodic
variations in the star’s spectrum and brightness (Di Benedetto, 1997). The spectrum

also yields the effective temperature of the star therefore its luminosity is obtained as:

L=4 R® Tk (1.3)

where  is the Stefan-Boltzman constant’. The luminosity is related to absolute magni-
tude and the star’s apparent magnitude is determined from the flux (F) measured from

Earth. It is possible to estimate a direct distance from these two measurements via:

T
d= —:

IE (1.4)

Galaxies

Distant galaxies in which individual stars cannot be resolved can also be used for dis-
tance measurement. If a distant galaxy is observed with a certain angular resolution
and split into even resolution elements, each section would contain an average number
of unresolved stars with an average luminosity. However, each resolution element will
not actually contain the same number of stars so Poisson fluctuations occur in the flux
measurements of each section across a galaxy. These surface brightness fluctuations
(SBF) scale inversely with distance and so the more distant a galaxy the smoother it
appears to be (Tonry and Schneider, 1988). The Tully-Fisher relationship uses the

properties of a spiral galaxy in order to estimate its distance. The main idea being that

7 =567 107 3%wm—2K™*
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as galaxies are self-gravitating systems they would follow the virial theorem. In this
scenario that means that the more mass in a system i.e. the more massive a galaxy, the
faster the stars would orbit its galactic centre. The higher a star’s velocity the larger
the width of its spectral lines, therefore, a direct link between spectral line width and
virial mass can be made. The other key assumption is that the luminosity of a galaxy
scales with mass. Once the luminosity of a galaxy is determined the distance can be
inferred as with previous methods (Tully and Fisher, 2009). However, both of these

approaches are very much reliant on local distance calibration i.e. via the Leavitt Law.

The Hubble Constant

The ultimate goal of distance measurement is to understand the true scale and age
of the Universe. Edwin Hubble (1929) set the ball rolling by discovering that galactic
distances are related to their recession velocities inasmuch as the further away a galaxy
is the faster it is moving away from us. By plotting the distance to other galaxies in the
Local Group and beyond (determined from Cepheids) against velocity measurements
Hubble calculated an expansion rate for the Universe in units of velocity per distance,
now referred to as the Hubble constant (Hg). Therefore, the inverse of Hg is in units of
time and is known as the Hubble time, or age of the Universe. Since then, great efforts
have been made to improve upon the value of Hy. The most recent and probably most
famous attempts were made by NASA’s WMAP? (Komatsu et al., 2011) and the ESA’s
P lanck mission (The P lanck Collaboration, 2006), whose chief objectives were to
observe properties of the Cosmic Microwave Background’ (CMB) in order to reduce
the uncertainty on Hy. One way is the Sunyaev-Zel’dovich (SZ) effect, in which a

fraction of CMB photons are scattered by high-energy gas in galaxy clusters causing a

8Wilkinson Microwave Anisotropy Probe
9The now cooled remnant of the first radiation that could travel freely about the Universe.
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shift in their wavelength (Zeldovich and Sunyaev, 1969). As well as the gravitational
lensing of CMB photons by massive structures as predicted by Albert Einstein’s (1915)

theory of general relativity.

The Hubble Constant Discrepancy

There exists an open problem in Astrophysics in that there is a stark difference be-
tween the measurements of Hy from different methods. With measurements of the
CMB using the methods discussed in the previous paragraph within the context of

CMB cosmology, the latest value of the rate of expansion of the Universe from the
Planck Collaboration et al. (2018) is Hyp = 67.4 0.5 Km s ! Mpc !. However, us-
ing a method involving 19 Cepheid calibrated SNe Ia host galaxies Riess et al. (2016)
measured a value for Hg at 73.24 1.74 Km's ! Mpc 1. The error bars on the values
from these two methods do not overlap, presenting a difference at a level greater than
3 . This discrepancy could be down to unforeseen systematic errors or some unknown

physics (Freedman, 2017), in any case this remains a fascinating area for research.

Even these final rungs of the cosmological distance ladder need to be calibrated. This
is why having an accurate Leavitt Law that takes into account all variables is so im-
portant. Every step on the ladder is fortified by the previous one, although now it
is more like a climbing frame with multiple connections stretching between different
methods of measuring distance to various astrophysical phenomena. The calibration

link between the distance tracers is presented in Figure 1.3.
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Figure 1.3: Cosmological distance ladder taken from de Grijs (2011). A schematic showing
the most effective method of measurement at each distance bin. The yellow boxes to the left
show methods based on young (Population I) stars, with boxes highlighted green to the right
for older (Population II) stars and deep red boxes between that use both. The blue boxes up
through the middle represent geometric methods and the light brown at the top are not directly
linked to stellar populations.
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1.2 Variable Stars

1.2.1 Why do Stars Pulsate?

Arthur Eddington (1917, 1918) was the first to propose pulsation theory. Typically
a compression of the stellar envelope leads to an increase in density and temperature
causing a decrease in opacity so that heat energy escapes at a greater rate allowing
the star to remain in equilibrium. However, this does not happen with variable stars.
Instead, during a compression phase there is an increase in opacity of the stellar en-
velope blocking the release of energy, this is occurs near the surface, in the Helium
and Hydrogen ionization zones. Eventually, enough pressure is built up that the enve-
lope is pushed out and then decreases in opacity which starts the cycle all over again.
This driving force behind the pulsation that leads to periodic changes in luminosity is

known as the ¢ -mechanism’ where the kappa () represents radiative opacity.

1.2.2 The Instability Strip

Variable stars lie in a narrow region on the HRD called the instability strip (IS) where
stars become pulsationally unstable. Towards the blue side of the IS the amount of
material in the stellar envelope above the ionization zones decreases until there is no
longer enough mass to significantly drive pulsations, this defines the hot blue edge of
the IS (Baker and Kippenhahn, 1962, 1965). As the effective temperature decreases,
envelope convection begins stopping the mechanism from efficiently driving pulsation

giving rise to the cooler red edge of the IS (Deupree, 1977).
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1.2.3 Cepheid Variable Stars

Cepheid variable stars are mainly split into two groups, the younger Population I

Cepheids (Type I) and the older Population II Cepheids (Type II).

Type |

Type I, or classical, Cepheids typically have a period range of 1-50 days but some
longer period Cepheids have been observed. They are very bright evolved B-stars go-
ing through the phase of core Helium burning and considered to be of the intermediate
mass range covering 4-12 solar masses. As they evolve away from the RGB they
can experience several blue loops (but usually just one) causing them to pass through
the IS at least twice. Pretty much all observed classical Cepheids will be in this blue
loop phase, however, all stars actually pass through the IS as they expand to the base
of the RGB when their core Hydrogen has been exhausted. This first crossing of the IS
is extremely rapid, so it would be highly unlikely to catch a star pulsating during this

stage of evolution.

When the Hydrogen burning in the core ceases, an inert Helium-core is left behind
and Hydrogen burning moves to the shell. Hydrogen-shell burning becomes narrower
and narrower and fresh Helium is supplied to the shell causing the hydrostatic equilib-
rium to be lost and the core begins to contract. While the Helium core contracts, the
star’s shell expands and cools as the star shoots through the instability strip, on its first
crossing, this is known as the sub-giant-branch (SGB) phase. Eventually, the outer
convective envelope of the star reaches deeper into the star’s interior and the trans-
port of energy from the remaining narrow band of Hydrogen-shell burning to the star’s
surface increases. This causes the luminosity of the star to increase and it climbs the

RGB. At the tip of the RGB the Helium-core has contracted enough to ignite. At the
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onset of the Helium burning the star’s luminosity decreases slightly before the temper-
ature begins to increase and the star moves blueward through the instability strip for
the second time. The star will reach a temperature limit and, with most of the core-
Helium exhausted, the star will cool again passing through the instability strip for the
third time. This describes the process of the three instability strip crossings for type I

Cepheids.

The main factor dictating the pulsation properties of a Cepheid is the size of the
Helium-core. This can be affected by several different physical mechanisms such as
mixing-processes, opacity, stellar rotation and mass-loss. One of the mixing-processes
is known as convective core overshooting where during the MS Hydrogen-core burn-
ing, material from the shell is mixed into the core. This causes the core to be larger than
it would be at the end of the MS lifetime if no overshooting had taken place. Events re-
ferred to as dredge-up phases occur during the RGB phase in which processed material
is carried from the core to the surface. The first-dredge up happens at the base of the
RGB when the convective zone deepens and a second occurs later after the blue loop.
The amount of material dredged-up alters the size of the core and changes the chemi-
cal composition at the surface, changing the opacity. The opacity of a star is dictated
by the distribution of iron-group elements and determines the limits of the instability
strip (Bono et al., 2000; Salmon et al., 2012). Stellar rotation causes the MS lifetime
to increase because the mixing process supplies the core with fresh Hydrogen during
the core Hydrogen burning phase. Therefore, at a given age there will be a spread in
Cepheid periods because stars that were rotating would be more massive than those
that were not. As stellar rotation affects the relationship between a Cepheid’s period
and age this issue is discussed in more detail in Chapter 4. Strong stellar winds can
cause some intermediate and high mass stars to experience significant mass-loss. This

affects the size of the star and therefore its evolutionary path altering the luminosity
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and temperature at which it crosses the instability strip, changing its pulsation.

Type 11

Type II Cepheids are old (  10Gyr), low mass (< 1M ) metal-poor stars with pulsa-
tion periods similar to those of there Type I counterparts. They were once Horizontal
Branch (HB) stars but they no longer burn Helium in their cores and have evolved to a

region of the HRD slightly brighter than RRL, see Figure 1.4.

Anomalous Cepheids

There also exists a mysterious form of variable star bearing the title of Cepheid, the
anomalous Cepheid. They generally have shorter periods than other Cepheids ( 0.3-2
days) and cross the IS at a luminosity brighter than that of RRL. Like Type II Cepheids
they have similar metal-content to that of RRL but unlike Type II Cepheids they are of

larger mass (Caputo et al., 2004).

For the purposes of this thesis only classical (Type I) Cepheids are important as both
Type II and anomalous Cepheids are too faint to be seen in M33 and too old to be

present in the Large Magellanic Cloud (LMC) clusters being used.

1.2.4 Pulsation Modes

Fundamental

In the fundamental case a single node is present in the in the centre of the star causing
a single pulsation to occur through the Cepheid’s shell. Fundamental light curves

typically show a sawtooth like shape.
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Figure 1.4: Hertzsprung-Russell Diagram showing the position of the IS and the areas where
different types of variable star lie, see text for details. Taken from Christensen-Dalsgaard
(1998).
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Hertzsprung progression

The shape of the fundamental mode light curves is affected by the pulsation period as
can be seen in Figure 1.5 by the presence of a bump moving along the curves as the

period is increased see. This is known as the Hertzsprung progression.

Overtone

Towards the hotter blue edge of the IS multiple ionisation zones can start to appear
within the star’s shell. This can cause multiple nodes to occur leading to shorter sinu-
soidal overtone pulsations. A range of SMC first (10) and second (20) overtone mode

Cepheid light curves (Soszynski et al., 2010) can be seen in Figure 1.6.

Beat Cepheids

The topology of the IS is determined by the mode of pulsation of the variables. Cepheid
variable stars typically have two modes of pulsation being either fundamental (Pg) or
first overtone (P1) but there also exists a third much rarer kind of variable that pulsate in
the second overtone mode. Fundamental pulsators inhabit the red side of the IS with the
first and second overtones towards the blue side. Sections separating the different types
of pulsator in the IS are blurred and in the transition places variable stars pulsating
in dual modes are found. Cepheids have been found that pulsate simultaneously in
the fundamental and first overtone modes as well as those that pulsate in both the
first and second overtones, these double-mode Cepheid variables are also known as
‘Beat Cepheids’. The period ratios between the two different pulsation modes in beat
Cepheids can be used to study different stellar parameters. For an example of a beat

Cepheid’s light curve folded by its two distinct periods see Figure 1.7.
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Figure 1.5: Light curves of classical Cepheid variable stars pulsating in the Fundamental mode
with increasing periods (indicated to the right of the figure). The Hertzsprung progression can
be seen in the light curves with periods of 8.48 days and above. The data is for OGLE-III
Cepheids in the SMC by Soszynski et al. (2010)
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Figure 1.6: Light curves of classical Cepheid variable stars pulsating in the first and second
Overtones. The right-hand panel shows the first overtone (10) Cepheids and the left-hand
panel shows the second overtone (20) pulsators with periods indicated on the right of each
panel. The data is for OGLE-III Cepheids in the SMC from Soszyrski et al. (2010)
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Figure 1.7: Light curve of a Cepheid variable star pulsating in two modes simultaneously split
into component periods. The fundamental component in the upper panel and first overtone
underneath. The periods are indicated by each light curve. The data is for OGLE-III Cepheids
in the SMC from Soszyniski et al. (2010)
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1.3 Variable Stars as Tools for Astronomy

Metallicity Dependence

Pulsation properties are affected by the chemical composition of a star. This is de ned
by three parameters, the Hydrogen mass fraction, X, the Helium mass fraction, Y,
with the third parameter, Z, representing the proportion of all the heavier elements
present which in astronomy are grouped together as metals, where X+Y+Z=1. The
metal-content is also known as the metallicity of a star. If the period of a Cepheid is
affected by metallicity and the metal-content of Cepheids being used in a PL distance
measurement differ from calibrating Cepheids then there exists a systematic error in the
distance determination. Scowcroft et al. (2009) found a discrepancy in the calculated
distance moduli from the Leavitt Law in Cepheids in different parts of the Triangulum
galaxy, M33. This was deemed to be due to there being a steep metallicity gradient

across M33.

Figure 1.8 shows the discrepancy in the zero-points of the Leavitt Laws from two
different regions of M33, deemed to be caused by the Cepheids in the inner eld of
M33 having a much higher metallicity than those in the outer eld. This suggests that
a Cepheid's pulsation properties depend upon metallicity. If this is the case then Figure
1.8 suggests that at a given pulsation period, metal-rich Cepheids are brighter than
the metal-poor ones. Therefore, the metallicity of each Cepheid in any given sample
needs to be known in order to correct for this. The best way would be to measure the

metallicity of each star directly, which can be done using spectroscopy.
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Figure 1.8: Figure from (Scowcroft et al., 2009). Wesenheit magnitude Leavitt Law Plot for
inner and outer elds of M33. The two slopes are identical but there is a discrepancy in the
Zero points.
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1.3.1 Measuring Metallicity with Variable Stars

Spectroscopy

To obtain accurate metallicity measurements high-precision spectroscopy is required
but with modern instruments this can only be achieved for nearby stars (within the
Galaxy or bright stars in the Magellanic Clouds). Romaniello et al. (2005) used high-
precision spectroscopy to determine the metallicity of 37 Cepheids in the Milky Way
and Magellanic Clouds to asses the in uence of metallicity on the Leavitt Law. They
found that the required metallicity correction to a PL relation increases with iron con-
tent and that the stars become fainter as the metallicity increases until solar metallicity,
where there appears to be a attening or turnover. However, this was only done using
Cepheids with a narrow spread in metallicity. To test this in other galaxies at a wider
range of metallicities one needs to look at greater distances, such as M31 or M33.
The problem with this is that the resolving power, of even the largest telescopes, is
not enough to yield true metal-abundances at extragalactic distances. In fact, in order
to spectroscopically determine the metallicity of Cepheids at the distances of M31 or
M33, at the required resolution, one would need to be able to achieve a signal-to-noise
ratio (SNR) 10x greater that what is possible today. One way to get around this is to
use spectroscopy to measure the metallicity af tdgions and assign that metallic-

ity to any Cepheids in the vicinity. However, this is no substitute for measuring the

metallicity of a star directly.

Thankfully, beat Cepheids are a reliable proxy for determining metallicity. They can
be used to trace metallicity because the period r&iR,, is sensitive to metal abun-

dance. Furthermore, this is well described by pulsation models.
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Table 1.1: Beat Cepheids in M33

D (J2000.0) (J200.0) Pq (days) P;(days) Pio

A 013459.72 305225.2 4.7050 3.3851 0.720
B 013256.82 304133.8 3.9776 2.8611 0.719
C 01343343 305115.6 3.8271 2.7141 0.709
D
E

013354.63 303519.8 6.1764 4.3331 0.702
01340397 303808.4 6.1879 4.3348 0.701

Petersen Diagram

Jargen Otzen Petersen (1973) devised a way to constrain the masses of beat Cepheids
by plotting the ratio of the st overtone and fundamental periodgR,) of a beat
Cepheid against the logarithm of the fundamental period Fgd( Plotting beat
Cepheids on a Petersen diagram can also be used to determine metallicity (Moskalik
etal., 1992) as the,/P, ratio exhibits a strong dependence on metallicity as previously
mentioned. Beaulieu et al. (2006) uncovered 5 beat Cepheids pulsating in the funda-
mental and rst overtone modes from the CFHT M33 variability survey conducted by
Hartman et al. (2006). The 5 beat Cepheids are presented in Table 1.1 along with their

coordinates, period$’f andP;), and their period ratiod/Py).

Beaulieu et al. (2006) created a set of stellar equilibrium models using a pulsation code
that takes into account parameters of mass M, luminosity L, effective temperature T
and metallicity Z. They used this to compute mass-luminosity (M-L) plots for the 5
beat Cepheids over a range QT that covered the width of the IS with a selection of
different metallicities. By superposing modelled evolutionary M-L relations by Bono
et al. (2000) they were able to garner the metallicity of each of the beat Cepheids from
where the M-L tracks crossed. The Z values derived by Beaulieu et al. (2006) are given

in the nal column of Table 1.2.

They also plotted the beat Cepheids on a Petersen diagram with comparison to linear

ts of Galactic, SMC and LMC beat Cepheids (Figure 1.9) leading to similar metal-
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Table 1.2: Beaulieu et al. (2006) metallicities of beat Cepheids in M33

ID Py Distance (kpc) Z

A 0.720 3.5 0.004
B 0.719 3.1 0.005
C 0.709 2.3 0.011
D 0.702 1 0.0125
E 0.701 1 0.0135

licity estimates. Stars A and B fall near the dashed line of the SMC which has a
metallicity of Z=0.004. Stars C, D and E fall between the solid line of the Milky Way,
Z=0.020, and the dotted line of the LMC, Z=0.008. These values are consistent with

the values in Table 1.2.

Buchler and Szat (2007); Buchler (2008) computed a series of convective models
for which both F and O1 modes would become linearly unstable. Figure 1.9 shows a
Petersen diagram by Beaulieu et al. (2006) presenting beat Cepheids in our own Galaxy
along with those in the SMC, LMC and M33 with Buchler's (2008) tracks superposed.
Further use of Buchler's (2008) Petersen diagram metallicity tracks was made by Lee
et al. (2013) when they used them to measure the metallicity of beat Cepheids in M31,

see Figure 1.10.

1.3.2 Further Considerations in Estimating Cepheid Distances

Theoretical Metallicity Effects

The effect of metallicity on the Leavitt Law as determined by Scowcroft et al. (2009)

and Romaniello et al. (2005) seem to be in contradiction. Other empirical relations
such as Macri et al. (2006), Storm et al. (2011) or Mager et al. (2013) are inline
with Scowcroft et al. (2009), in that at a given period, higher metallicity Cepheids are

brighter than their low metallicity counterparts. However, the ndings of Romaniello






