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THESIS: MODELING OF SELECT SHORT PERIOD ECLIPSING BINARY STARS IN THE 
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DATE:  May 2019 

PAGES: 64 

ABSTRACT:   

 In this thesis, I present the modeling of select short period eclipsing binary star 

systems in the southern hemisphere. Each eclipsing binary candidate was chosen from the All 

Sky Automated Survey (ASAS), which is an all-sky survey that performed photometric 

monitoring of stars brighter than 14th magnitude in the Johnson V band. This survey has 

catalogued over ten thousand eclipsing binary candidates. Due to the vast number of these 

candidates, few have been extensively studied. Because of the large area (all-sky) coverage of 

the ASAS, time resolution of individual systems is poor (~24 hours). I have selected eclipsing 

binary candidates with orbital periods ranging from 6 to 7 hours and magnitudes between 12th 

and 13th in the Johnson V band. By focusing on these individual systems, I am able to provide 

better time resolution that will compliment the survey. The candidates were observed using the 

Southeastern Association for Research in Astronomy (SARA) telescope at the Cerro Tololo 

Inter-American Observatory (CTIO) in Chile. 
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I obtained the photometric data using Johnson B and V filters as well as the Cousins R 

(RC) filter. The data was then calibrated and reduced using Image Reduction and Analysis 

Facility (IRAF) software to create a light curve for an extensive photometric study. Physics of 

Eclipsing Binary (PHOEBE) software suite was used to create a model of each eclipsing binary 

system that is consistent with the observed light curve. From these models, I was able to extract 

orbital parameters as well as provide a basis for further studies on these systems. 
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I. Introduction 

 Variable stars are stars that visually change in brightness over time. The first 

identification of a variable star was Omicron Ceti in 1596 by David Fabricius (Percy, 2007). The 

identification of the changing brightness confirmed that stars are not static. Later, John 

Goodricke interpreted the variability of Algol, a close unresolved binary, as being caused by 

mutual eclipses of the two stars (Hilditch, 2001). By observing these changing stars over time, 

astronomers can record the changing brightness to help classify the stars as well as using the 

information to create models of the these variable stars. It is from these models that stellar 

properties on the stars can be extracted. These properties include mass, radius, temperature, and 

luminosity among others.  

 Variable stars can be broadly classified as either intrinsic or extrinsic types. Intrinsic 

variable stars are stars whose brightness changes due to a physical change in the star. One type of 

intrinsic variable star is a pulsating variable star. A pulsating variable star is star that is not in 

hydrostatic equilibrium. If a star is in hydrostatic equilibrium, the outward radiation pressures are 

balanced with the gravitational force. An imbalance can allow for the expansion and contraction 

of all or a portion of the stars surface. This change in the size of the star will create a change in 

observed brightness (Percy, 2007). Another type of intrinsic variable star is the cataclysmic 

variable, which can include supernovae and recurrent novae where stars will change brightness 

due to explosions that in turn will cause the star to lose mass. Additionally, flare-ups due to mass 

transfers between binary stars can change the brightness of the variable star (Percy, 2007). 

Lastly, there are eruptive variable stars. These intrinsic variables are stars that undergo eruptions 

on the surface of the star. Solar flares and coronal mass ejections are examples of these eruptions 

that will cause the observed brightness to vary over time.  
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 The second type of variable star is classified by changes in brightness due to external 

mechanisms. These mechanisms include varying brightness due to temperature variations on the 

stars surface. These localized areas are called starspots and are a different temperature than the 

surrounding surface of the star. These starspots will change the observed brightness of the star as 

it rotates. Other extrinsic variable stars vary their brightness due to eclipses caused by one star 

passing in front of another in a binary or multiple star system. It is this type of variable star that 

is the focus of this thesis.  

 

I.1. Binary Stars 

 It is estimated that at least half of all stars visible are in a multi-star system of two or 

more stars (Bradley & Dale, 2007). Many of these are in binary systems. These systems are by 

definition, two gravitationally bound stars orbiting a common center of mass, or barycenter. 

Using well-known application of physical laws, observation of binary systems permit the 

measurement of interesting physical parameters such as the stellar mass of the system. Kepler’s 

Third Law states 

 

€ 

G(m1 +m2) = 4π 2 a
3

P 2       (1) 

where G is the gravitational constant, m1 and m2 are the masses of the first and second stars 

respectively, a is the semi-major axis and P is the orbital period of the system (Hilditch, 2001). 

By using Equation (1), we are able to extract the stellar mass information directly from the 

binary system knowing the orbital period and the separation between the stars. Finding stellar 

mass is impossible to extract from a single star system. After finding the masses of the stars, a 

mass-luminosity relationship can be used to obtain the masses for single stars and as a distance 



	 3	

indicator. Additionally, relationships to other stellar characteristics such as temperature and 

evolutionary state can be made.   

 Direct visual observation of binary systems can be difficult due to the distance between 

the stars. If the distance between the two stars is large, the amount of time that the system must 

be observed may be unreasonable to confirm that the pair is orbiting one another. If the stars are 

closer together, one may be able to confirm that the stars are gravitationally bound to each other 

with reasonable observation time. However, the separation between the stars can become so 

small that the ability to resolve the individual components is not possible with the current 

technology. These close binary systems will be unresolved and will appear as a single point of 

light. Because of this, alternative means of detection such as photometry must be used. This 

detection method is easily used on eclipsing binary systems. 

 

I.2. Eclipsing Binary Stars 

 Eclipsing binary systems are binary systems whose orbital plane lies parallel or nearly 

parallel to the line of sight of the observer. As the stars orbit around their common center of 

mass, they will create an eclipse as one passes in front of the other if the orientation is favorable. 

During these eclipses, the brightness of the system will be less than the system maximum 

brightness until the front star completes its eclipse.  

 An observer can record the brightness of a star by repeatedly imaging the star of interest. 

By plotting the brightness over time, a light curve can be created. This light curve is the first tool 

that can be used to extract information about the star. In an eclipsing system, as one star moves 

in front of the other, the amount of light observed decreases. It will decrease as it orbits until the 

star begins to move from in front of the other star. As it completes its eclipse, the amount of light 
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will increase until the star completely passes from in front of the second star. After the eclipse, 

the amount of light will be nearly constant until the star moves behind the other star. During this 

eclipse, the brightness will decrease until the eclipse ends. The light curve will reflect the 

eclipses by showing two decreases in the brightness corresponding to the first star being in front 

and behind the other respectively. These eclipses can be classified as primary and secondary 

eclipses based on the depth of the curve with the primary usually having a larger change in 

brightness.  

Eclipsing binary systems can be broadly classified based on their characteristics of their light 

curves. These eclipsing systems are of three main types: 

• Algol type: This type of eclipsing binary systems have light curves that have little 

variations outside of the primary and secondary eclipse. The primary and secondary 

eclipses are clearly defined and often unequal in depth indicating that the stars have 

differing temperatures.  

• β Lyrae type: These stars have a light curve with well-defined primary and secondary 

eclipses with variations outside the eclipses. The primary and secondary eclipses are 

usually unequal indicating temperature differences. 

• W Ursae Majoris type: These stars have a continuously varying light curve with both the 

primary and secondary eclipses are nearly equal in depth as the temperatures of the stars 

are nearly equal. This is due to the stars being in or nearly in contact. 

These are broad definitions based on characteristics of the light curves and there can be overlap 

between the classifications. Examples of each of these types of eclipsing systems can be seen in 

Figure 1. Each curves shows 2 complete orbital periods. The orbital phase describes where the 
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stars are during their orbit with the first being from 0 to 1 phase and the second from 1 to 2 

phase. 

 

Figure 1 Light curves of eclipsing binary systems The eclipsing binary system type is labeled on the upper right 
of each panel. The vertical axis of each panel shows the stellar magnitude of the system. The horizontal axis shows 
the orbital phase. Typical orbital phase ranges from 0 to 1 but phase 1 to 2 are also shown. These values are found 
by simply adding 1 to the orbital phase from 0 to 1 and represent a similar curve.  (Source:  http://www.vs-
compas.belastro.net/bulletin/issue/2/p6) 

There are several properties that can be used to characterize the binary system. These 

properties can then be used to create a model of the system allowing for further research into the 

relationships of these properties to one another. These characteristics can be found using 

standard photometry in which one analyzes the light observed from the stars. This is done by 

imaging the brightness of a star over time. For variable stars, this can be from a few hours to 

several nights or longer depending on the orbital period of the binary system. These images can 
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then be measured using photometry software that will create the light curve. This light curve is 

then used to extract the information about the system. This curve can then used by the 

application of physical laws to model these systems to extract important information. This 

process is described in further detail in this thesis. Additional characteristics can also be found 

and refined using spectroscopic data where data on the spectra of the star is analyzed as well as 

radial velocity data, which measures the velocity of the star as it orbits using shifts in the 

spectrum due to the Doppler effect. By using these different methods for obtaining the stellar 

characteristics, one can begin to create a model of the system. 

One of the first characteristics in a binary system that can be readily identified is the 

orbital period. This is the amount of time that it takes for one star to make a complete orbit 

around the other star. This can be difficult to find however, as orbital period depends on the 

distance between the two stars. The period can be found by measuring the changing brightness of 

the light curve and determining the time from primary to primary eclipses. Similarly, this can be 

done using secondary eclipses. These orbital periods can range from hours in W Ursae Majoris 

systems to days in the case of β Lyrae systems to months and years in Algol systems. By 

measuring the orbital periods for several years, one can determine if the orbital period is 

changing. This change may be from a mass transfer between the two stars (Percy, 2007).  

 Another component of the binary system that can be found is the inclination of system. 

This inclination is the angle between the orbital plane of the system and the plane of the sky. If 

the two stars are orbiting perpendicular to the observer, or in the plane of the sky, the light will 

be constant. This occurs at an inclination of 0 degrees. However, as the inclination of the orbital 

plane begins to increase, one star is more likely to pass in front of the other, causing a change in 

the amount of brightness observed. As the inclination of the orbital plane increases to 90 degrees, 
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the probability of an eclipse occurring increases, and an observed eclipse forms a total eclipse as 

one star passes completely in between the observer and the second star. It is from this change of 

brightness that the inclination of the system can be modeled, which would be nearly impossible 

to find from a non-eclipsing system. 

 The orbits of a two-body system can be described as ellipses with various measures of 

eccentricity (Fowles and Cassidy, 2005). Eccentricity is a parameter that is used to calculate how 

much an orbit deviates from a perfectly circular orbit. By placing one star at the foci of the 

ellipse, Kepler’s Laws can be used to calculate the remaining stellar orbital parameters. The orbit 

can be described as seen in Figure 2. With systems of high orbital eccentricity, the orbit will be 

more ellipsoidal. If the orbit is circular, the eccentricity is equal to zero. The orbital eccentricity 

of a system can found using photometric data and can be refined using radial velocity data. 

	

Figure 2 Orbit of a two-body system The orbit of a two-body system can be seen with one of the bodies placed at 
the focus, f. The second focus of the ellipse is at f’. The semimajor axis is shown as a with the seminoraxis shown as 
b. ε is eccentricity with εa the distance from the center to each focus. α is the latus rectum or the distance of the 
focus from a point on the ellipse perpendicular to the major axis. This is described by α=(1-ε2)a. r0 is the distance 
from the focus to the pericenter and can be described as r0=(1-ε)a. r1 is the distance from the focus to the apocenter 
and is described as r0=(1+ε)a (Fowles & Cassiday, 2005) 

Close binary systems can be more specifically classified depending on how the stars fill 

their Roche Lobe. The Roche Lobe is a gravitational equipotential surrounding each of the stars 

solved for the rotating frame of the system (Hilditch, 2001). For each individual uniform star, the 

gravitational equipotential would be a sphere. In a binary system, the gravitational force of the 
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nearby star will distort the equipotential surface. As the separation between the stars becomes 

smaller, the gravity of the each of the stars will begin to distort these surfaces from a spherical 

shape to form a teardrop shape. It is possible that the two stars are close enough for the 

equipotentials to come in contact.  

 

Figure 3 Lagrange points for two body orbital systems This shows the Lagrange points L1 through L5 for a two 
body orbital system with masses at M1 and M2 with a systems center of mass at x. The axes are listed in units of “a” 
which is the separation between the two masses. It also shows the equipotential contour lines of several 
equipotential surfaces in the orbital plane. As the system is seen in a rotation frame, both gravity and centrifugal 
force must be taken into account. The Lagrangian points are locations where an object can maintain a stable position 
relative to the two masses. The L1, L2, and L3 points are at the location where the gravitational forces balance with 
the centrifugal forces. L4 and L5 are points at the apex of an equilateral triangle formed by the two masses (Bradley 
& Dale, 2007). 

 Figure 3 shows the contour lines of the equipotential surfaces from a two-body system. 

The system is seen in a rotational frame of reference therefore, both gravity and centrifugal 

forces are taken into account. The L4 and L5 points are located at the apex of an equilateral 

triangle created with the two masses at the other corners of the triangle. The L1, L2, and L3 points 

are located where the gravitational force is equal to the centrifugal force. The L1 point sits 

between the two masses and is the location that the equipotentials of each of the stars are in 

contact. It is at this point where mass transfer can occur between the two stars. The contour line 
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running through the L1 point is the Roche Lobe of the system. The matter within this 

equipotential is gravitationally bound to the nearest star. This allows for a broad definition of the 

binary systems depending on how the stars fill their Roche Lobes These definitions are described 

as follows and shown in Figure 4: 

• Detached Binaries – Systems whose star components are well within their Roche Lobes. 

Algol systems are an example of a typical detached binary. 

• Semi-Detached – Systems where one star completely fills its Roche Lobe while the other 

star remains well inside its Roche Lobe. This is typical of β Lyrae stars. 

• Contact – Systems where both stars completely fill their Roche Lobes. W Ursae Majoris  

are binary types that have completely filled lobes. 

 

Figure 4 Roche Lobes. This diagram shows the three types of binaries based on their Roche Lobes. The Roche 
Lobes are the hourglass lines circling the stars represented by the shaded sections. In panel a, we see a detached 
binary with neither of the Roche lobes being filled. In b, the secondary Roche Lobe is filled while the primary star is 
still well within its lobe. This is an example of a detached binary. Panel c shows a contact binary with both Roche 
Lobes being filled. Additionally, the shaded region outside the Roche Lobe indicates an over contact binary that 
creates an envelope of thermally equalized gas (Bradley & Dale, 2007). 
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It is the contact binary systems, classified as W Ursae Majoris variables, which this thesis is 

focused on. 

 

I.3. W Ursae Majoris 

W Ursae Majoris (W UMa) variables are eclipsing contact binaries that are characterized 

by short orbital period. These binaries are also called over-contact binaries when the two stars 

share a common envelope of stellar gasses. As a result, these systems will often reach 

temperature equilibrium. As the Roche Lobes of the respective stars fill, mass transfer can occur 

through the L1 point from one star to the other.  

The light curve of a W Ursae Majoris, as shown in Figure 1, varies continuously over the 

observation time. The orbital phase describes the location of the star during the eclipse and is 

from 0 to 1 with 1 being the completed orbit. Figure 1 shows two complete orbits, from 0 to 1 

and from 1 to 2. Due to the gravitational interactions of the two stars, their Roche Lobes are 

exaggerated into a teardrop shape. As the stars orbit, the amount of light being seen will 

continuously change due to this teardrop shape. When the two stars are seen side by side, the 

maximum amount of light will be seen. This can be seen at phase 0.25 in Figure 1. As the stars 

orbit, one will pass in front of the other decreasing the amount of light seen until one star is 

eclipsing the other. This is the minimum amount of light being observed as seen at phase 0.5. As 

the front star continues to pass, more light will be seen from the second star until they are side by 

side at phase 0.75 in Figure 1, only reversed from their starting point. The amount of light at this 

peak should be the same as at phase 0.25. As the stars continue to orbit, the second star passes in 

front of the first creating the second eclipse indicated by the second decrease in brightness until it 
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is fully in front of the first as seen at phase 1.0 in Figure 1. It will continue to pass and the light 

will increase until the two stars are side by side at phase 1.25.  

When looking at a light curve, there may be differences between the heights of the peaks. 

If there is a temperature variation on either star, more or less light may be seen which can 

increase or reduce the peak at 0.25 and 0.75 phase.  This variation is known as the O’Connell 

effect (O’Connell, 1951). There are many possible causes of this variation, such as areas of dust 

or gas clouds that may be partially blocking some of the light (Wilsey and Beaky, 2009). It is 

commonly accepted that this effect is caused by starspots on one of the components of the binary 

system (Linnell, 1991). These starspots are regions on a star where the temperature differs from 

the surrounding area due to the magnetic activity in the region. By introducing starspots onto 

models, a better fit can be made to match the observational data (Linnell, 1991). 

Another light curve feature can be seen during a total eclipse. As described in section I.2, 

if the inclination of the system is at or near 90 degrees to the sky plane, one star will pass 

completely in front of the other. During the total eclipse, the amount of light that will be 

observed will be nearly constant. This will result in a relatively flat bottom on the light curve as 

the star passes until the eclipse is complete.  

There are two sub-classes of W UMa stars, W-type and A-type systems. A-type systems 

have a larger total mass, larger orbits and tend to have higher temperatures with better thermal 

contact between each star (Barnes et al, 2004). This thermal contact will result in the 

temperatures of the stars being closer to the same (Barnes et al., 2004). W-type systems have a 

smaller total mass and are in weaker thermal contact with each other that allows for increased 

convection in the envelope (Barnes et al, 2004). This increased activity in the envelope can lead 

to increased magnetic field activity, which in turn, can lead to starspots (Barnes et al., 2004).  
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Research in W Ursae Majoris stars is needed to better understand the evolution of these 

systems. There are differing opinions as to the evolution of both A and W types of W UMAa 

binaries. There are arguments of A-types evolving into W-types as there would need to be an 

increase in mass and angular momentum added into the system for W-types to evolve into A-

types (Gazeas and Niarchos, 2006). The increase of mass would be needed to increase the 

temperature and increased angular momentum would be necessary to create the larger orbital 

period (Gazeas and Niarchos, 2006). Alternatively, there are arguments for W-type evolving into 

A-type as A-type stars are more evolved (Hilditch et al, 1988).  

 Additional research in W Ursae Majoris systems is also needed to investigate changes in 

orbital periods. Using light curves, an observed minus corrected (O-C) diagram can be 

constructed that show the changes in orbital period. This process is discussed in detail in section 

III.3. Changes to the period are thought to be caused by thermal relaxation oscillation with mass 

transferring between the two stars creating a change in the period (Lucy, 1976). Alternatively, 

the loss of angular momentum has been thought to occur from magnetic breaking and would also 

change the orbital period (van’t Veer, 1979). By modeling W Ursae Majoris systems, a more 

complete picture of the evolution and mechanics of these eclipsing systems can formed.  

 The remainder of this thesis will go through the observation and reduction of the target 

stars in Chapter II. Chapter III will describe the processes that were used to generate the light 

curve, the basics of photometry, period analysis and how the stellar temperatures were found. 

Chapter IV discusses the modeling process including background of the inverse problem and the 

process that was used to create the models of the systems. Chapter V presents the results of the 

modeled system based on the methods used in the previous chapters with the results and 

conclusions presented in Chapter VI. 



	 13	

II. Observations and Data Reduction 

II.1 All-Sky Automated Survey 

 The eclipsing binary systems were selected from the All Sky Automated Survey (ASAS) 

(Paczyński et al., 2006). The ASAS is a decade long all-sky survey of variable stars in both the 

northern and southern hemispheres. Since its inception, the survey has measured approximately 

40 million stars with nearly 50,000 variable stars being observed and catalogued south of 

declination +28 (Paczyński et al., 2006).  As the survey is an all sky survey, the time resolution 

is on the order of days for an individual system. By focusing on an individual system, the time 

resolution will be on the order of minutes and far better. From this catalogue, the variables ASAS 

J050922-1932.5 and ASAS J044216-2549.5 were chosen, both of which were fairly bright and 

were easily tracked in the southern hemisphere. Additional information on both variables is 

given in Table 1.   

ID 050922-1932.5  044216-2549.5 
 ASAS identification (RA and DEC in the 

format: hhmmss+ddmm.m) 

RA (2000)  05:09:21.9  04:42:15.9  Right ascension (FK5) Equinox=J2000 
DEC (2000)  -19:32:30.0  -25:49:29.9  Declination (FK5) Equinox=J2000 

Period 0.270842 0.254893 
 Period in days (or characteristic time scale of 

variation for irregular objects) 

T0 2451868.9 2451868.9 
 Epoch of minimum (for eclipsing) or 

maximum (for pulsating) brightness in days 

Vmax 12.3 12.65  Magnitude in V at maximum brightness 
Vamp 0.41 0.59 Amplitude of variation in V 

 

Table 1 Additional variable information from ASAS Catalogue. This table shows the additional information 
from the ASAS catalogue including the ASAS identification number, the right ascension and declination of each 
star, the period and epoch of minimum as well as the magnitude and amplitude in V. See Paczyński et al. (2006) for 
discussion for the ephemeris epoch times (T0). 
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II.2. Observations 

The observations were made between November 23, 2015 and February 7, 2016 with all 

individual dates listed in Table 2. The observations were performed using the Southeastern 

Association for Research in Astronomy (SARA) telescope at the Cerro Tololo Inter-American 

Observatory (CTIO) in Chile. The SARA telescope in CTIO is one of 3 telescopes that are 

remotely operated by a consortium of several universities including Ball State University. The 

0.6 meter telescope is mounted with a FLI CCD camera with both telescope and camera controls 

connected to a computer that can be accessed remotely. Rather than reading out the counts of 

each pixel, the images were binned 2x2. This combines the counts of 4 adjacent pixels, in a 2 

pixel by 2 pixel square, and reads out the combined count creating a faster read out time. By 

decreasing the read out time, more images can be taken over the night. Prior to beginning my 

observations, camera issues necessitated the replacement of the FLI CCD and was installed by 

technicians at CTIO. With the installation of this new camera set up, the ability to automatically 

cycle through the filters was no longer operational. This limitation would force the observer to 

manually change the filter as well as rename and renumber the image after each image was 

taken. In order to make better use of the night, it was decided to use a single filter each night that 

would allow for more observations to be taken. Each target was imaged using a single Johnson 

B, Johnson V or Cousins R (RC) filter per night. The specific filter was chosen to optimize the 

amount of data gathered for one or both stars on a given night as needed. The stars were imaged 

several times in an attempt to gather complete coverage throughout the entire orbital period of 

the stars. The dates and filters for each object are seen in Table 2 below.  
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Date Target Bessell Filter 
11/23/15 050922-1932.5 B 
11/25/15 050922-1932.5 V 
11/26/15 050922-1932.5 V 

  044216-2549.5 V 
11/28/15 050922-1932.5 RC 

  044216-2549.5 RC 

12/4/15 050922-1932.5 B 
12/22/15 044216-2549.5 B 
1/10/16 044216-2549.5 V 
1/28/16 044216-2549.5 RC 

2/2/16 044216-2549.5 V 
2/7/16 044216-2549.5 RC 

 

Table 2 Date, target and Bessell filter for observations. This table shows the date, target and filler of the 
observations. 

II.3. Data Reduction 

 After collecting the data, I reduced the data using Image Reduction and Analysis Facility 

(IRAF) software. Within the IRAF software are several packages written by the National Optical 

Astronomy Observatory (NOAO) that are used for calibration and image correction including 

CCDPROC which is the main package used during the reduction process. Corrections due to 

read noise, dark current and the pixel-to-pixel variations of the CCD were done on each image 

which will be described in more detail in sections II.5, II.6, and II.7 respectively. On each night 

of observation, five flat field images using the same filter selected for the observations, three 

dark current images, and 30 bias images were taken. 

 

II.4. Pre-processing 

 Before any image processing could begin, the images needed to be prepared. With the 

new camera installation (see section II.2), there is header information that needed to be entered 

manually in order to process the images and perform photometry on the stars. Using the IRAF 

command “hedit”, the information, shown in Table 3, was added to the headers of all images. 
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Additionally, the header information of “IMAGETYP” was changed to “Light”, “Dark”, “Flat”, 

and “Bias” for the respective light, dark, flat and bias images. The “FILTER” image header was 

added to specify the “Bessell B”, “Bessell V”, “Bessell R” filters that was used on a specific 

observation due to issues with the filter wheel on the telescope. 

 After editing the header information, the “SetJD” command calculated the Julian Date 

(JD) and Heliocentric Julian Date (HJD). The HJD is a correction to the JD by centering the 

observations at the center of the Sun. Using the values of keywords JD, RA, DEC, Epoch, and 

the location of the observatory extracted from each image, IRAF calculated the HJD and added 

this as an additional parameter in the header.  

Header ID 050922-1932.5  044216-2549.5 
GAIN 2.1 2.1 
RDNOISE 7.6 7.6 
OBSERVAT sara-s sara-s 
DATASEC  [2:512,2:512] [2:512,2:512] 
EPOCH 2000 2000 
RA 05 09 21.9  04 42 15.9 
DEC -19 32 30.0 -25 49 29.9 

 

Table 3 Additional header information. Header information that was manually entered into the headers of the 
binary images. 

	
II.5 Bias Frames 

The first step in the image processing is to create a master bias image that will then be 

removed from remaining dark, flat and light images. Bias or zero frame images are used to 

correct for a systematic offset in each image caused by CCD chip electronics. This offset is 

usually constant with time so an RMS value is calculated and can then be used to minimize its 

impact on the remaining images (Howell, 2006).  
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Prior to each night’s observation, 30 bias images were taken with the dome and telescope 

shutter closed. Each of these bias images was taken with zero exposure time so the camera reads 

out the pixel values on the CCD. Using the IRAF command “zerocombine”, the average of the 

RMS read out noise from the images created an average bias master image after trimming using 

the “DATASEC” parameter in the header. This master image is then applied to the 

remainingimages using the IRAF command “ccdproc”. An example of a master bias is seen in 

Figure 5. 

	

Figure	5	Master Bias This is an image of a master bias of target 044216-2549.5 created by averaging the 30 bias 
images taken with zero exposure time. Each of the images were trimmed and then averaged together to create the 
master bias image. 
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II.6. Dark Frames 

 

Figure 6 Master dark The master dark image of target 044216-2549.5 was created from three 10-minute 
exposures. Each of the three images had the bias subtracted from them using the master bias. The dark images were 
trimmed and then averaged together to form the master dark image.   

 Dark images are used to remove the effects of thermally caused current from the images. 

This current is the result of thermally excited electrons being detected by the pixel during an 

exposure (Howell, 2006). This extra signal will then be included when the light images are read 

out and must be corrected for. The dark images are taken for times longer than the observation. 

Dark current is a temporal noise, the dark images need to be taken over a long enough time to be 

scaled for time of the science observations. Since dark current is a product of thermal reactions, 

keeping the CCD at low temperatures usually minimizes the thermal noise.  

 Dark images were taken and subtracted off to remove of any dark current. On the night of 

each observation, 3 images with an exposure of 10 minutes each were taken with the dome and 

telescope shutter closed. The bias was subtracted from each dark image using the “ccdproc” 

process in IRAF as well as each image being trimmed using specifications from the 
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“DATASEC” parameter in the header. This was done to remove the additional counts due to read 

out noise that would be in the dark frames. The subtracted dark frames were averaged using the 

“darkcombine” process creating a dark master image that would be scaled for the times observed 

and subtracted from the flat and light frames. An example of the dark master frame is seen in 

Figure 6. 

 

II.7. Flat Field Frames 

 The next processing step is correcting for differences in the sensitivity of each pixel on 

the CCD. By exposing the CCD to a uniform light, the average of these images can be used to 

adjust the observational images for this variation. After correcting for bias and dark current, the 

flat fields frames are medianed together. Once this is done, the flat fields are normalized by 

dividing the flat frame by the average pixel value. This will set the normalization value to 1 and 

by dividing the observational images by the normalized master flat will correct for any over- or 

under-sensitive pixels. In addition to the variations of the CCD, flat field images are used to 

remove artifacts such as dust on the filters and lens (Howell, 2006).  

 Each night of observation, I took 5 flat field images in the filter that I was observing. 

Each of these images had an exposure of 5 to 7 seconds of a uniform sky at dusk. Once 

downloaded, the flat field images were trimmed and the bias and dark master images were 

subtracted from each image using the IRAF “ccdproc” process. Next, the flat field images were 

scaled so the average was the same for all images. These scaled images were then medianed and 

combined using “flatcombine” creating a flat field master image as seen in Figure 7 for Bessell 

V. 
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Figure 7 Master Flat This image is the master flat image of Bessell V filter for target 044216-2549.5. This was 
created from 5 flat images with exposure times between 5 and 7 seconds. The images were trimmed and had the bias 
and dark currents removed by subtracting the master bias and master dark images from each flat image. The master 
flat is then created to correct for over or under sensitive pixels and to remove artifacts. These artifacts include dust 
donuts that are seen as donut shaped shadows created by dust on the lens or filter. Additionally, there are seen 
streaks that were imaged after the camera system was replaced. These artifacts occurred on all images for all filters 
and were also removed.   

	
II.8. Light Image Reduction 

 The final step of the image processing is to apply all the master corrections to each of the 

image files. This was done using “ccdproc”, selecting each of the master files in turn. First, each 

image was trimmed using the “DATASEC” parameter in the header. Next, the bias master was 

subtracted from each of the images to remove the additional counts caused by read out noise. 

This was followed by the subtraction of the dark master to remove any additional counts caused 

dark current, after scaling the dark master to the exposure time. Finally, each image was divided 

by the normalized flat field master to account for any over- and under-sensitive pixels. 
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III Light Curve Generation and Analysis 

 Once the data is reduced, photometry is performed to create the light curves that will be 

used as the basis for the models. From these light curves, the period of the systems is then found. 

Using the period, an observed minus calculated (O-C) graph of the orbital periods is created to 

check for variations in the period. This is created using both the primary and secondary eclipses. 

The orbital period and time of the primary eclipse will be used as initial conditions for the 

modeling software as well as the temperature that is found using B-V color indexes of the 

systems. This process will be further described in the following sections.  

 

III.1. Photometry 

 Photometry is the process of measuring the brightness of stellar objects over time (Berry, 

Burnell, 2005). These measurements can be plotted against time to form light curves. Although 

there are many different software programs that can perform these measurements, the 

Astronomical Image Processing for Windows, AIP4WIN, is the licensed software that was 

chosen based on ease of use. 

 The AIP4WIN program is an interactive, GUI based program to perform the differential 

photometry. Differential photometry is a magnitudinal comparison between two stars observed 

through the same filters at the same time in the same field of view. The difference of these 

magnitudes can then be plotted over time to create a light curve.  

 In the case of a known variable star, the variable is compared to another star of similar 

magnitude that is assumed to be of constant brightness and near the variable star. This 

comparison is useful as any optical impedance, such as clouds, that may effect the variable 

should also effect the comparison star as well. This should have a minimal effect on the 
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magnitude difference as it is impacting both stars similarly. In order to confirm that the 

comparison star is also not a variable star, the comparison star is compared to a second star of 

similar magnitude, which is called the check star. As both the comparison star and the check star 

should be of constant brightness, the magnitudinal difference of the two stars should be constant 

when plotted over time. AIP4WIN allows for the selection of additional comparison stars for 

better calibration of the differential magnitudes. For this thesis, only a single comparison star and 

check star were used. 

 To perform the differential photometry in AIP4WIN, the reduced images were loaded 

and Multi-Image Photometry was selected. AIP4WIN uses a three-ringed system to extract the 

counts from the stars in each image. The innermost ring, or aperture, is placed around the star of 

interest and adjusted to be slightly larger than the image of the star. The second and third rings 

make up the background sky annulus. This is placed around the aperture allowing a small 

separation between the aperture and the inner annulus. This separation creates a buffer to make 

sure that there is no starlight counted with the background sky count. The annulus determines the 

total counts contributed from the background sky and is subtracted from the total counts from the 

aperture to determine magnitude of the star after normalizing by area. 

 The variable star is initially selected making sure that the outer ring does not include any 

additional nearby stars that will effect the measurements. Next, the comparison star is selected 

followed by the selection of the check star. Once the stars are selected, the program computes the 

magnitudes for all three stars. The comparison star is then subtracted from the variable star with 

this (V-C1) value being written to an output file. The comparison star is then subtracted from the 

check star and this (C2-C1) difference is also written to the output file. Additionally, AIP4WIN 
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calculates the statistical uncertainties for both differences independently and writes them to the 

output file.  

 Each image was manually processed to confirm that the annuli were in the correct places 

as well as allowing for skipping images that were obscured or streaked. This process was done 

for each night of data. The output files were combined into a single file per filter. Each of the 

three filter photometric data files were then edited, removing additional data columns which 

were not needed for the scope of this thesis. The remaining columns of data were the Julian date, 

differential magnitudes of the variable star and the comparison as well as the statistical 

uncertainty, and the differential magnitude of the comparison star with the check star and its 

uncertainty. 

 The final photometric step is to convert the Julian date to heliocentric Julian date. As the 

Earth moves, the distance the light travels changes depending on the Earth’s location. By using 

the Sun as a non-moving reference point, all the distances will then be consistent. By using 

heliocentric Julian date, follow up observations on these stars can easily be made using the Sun 

as a fixed reference location. As the Earth’s motion around the Sun is well known, this correction 

to the center of the Sun is easily computed using the “SetJD” function in IRAF. This function 

will read in the Julian date as well as the location of the observatory as well as the right 

ascension and declination of the object and will calculate the heliocentric Julian date, adding it to 

the headers of each of the images. This information is then extracted from all of the images and 

then added into the photometric data file. After the heliocentric Julian date is added, the observed 

Julian date is removed, again leaving the five columns of HJD, (V-C1), (V-C1) uncertainty, (C2-

C1), and (C2-C1) uncertainty in each of the three filter specific data files. 
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III.2 Peranso 

 After creating the 5-column differential photometry files for each of the B, V and RC 

filters, the orbit period for the system needs to be determined. Peranso is shareware software 

developed by the Center for Backyard Astrophysics (CBA) Belgium Observatory for light curve 

and period analysis (Paunzen, Vanmunster, 2016). This software uses a graphical interface that 

allows the user to input the light curve in one of several formats and allows the user to select one 

of several time analysis methods. For this thesis, Analysis of Variance (ANOVA) was the 

method that was chosen. This method uses a periodic orthogonal polynomial series to fit all three 

light curves and then uses ANOVA to see how they compare to the actual data (Schwarzenberg-

Czerny, 1996).  

  After all three data files were input to the software and ANOVA was selected, the 

estimated period was input based on the period listed from the All-Sky Survey. An estimated 

period range was chosen as well as a resolution that adjusts the step size of the calculations. 

After the program is executed, the software will generate a Periodigram. This is a graph that 

shows the resulting ANOVA statistics as a function of the period of the system. The resulting 

graph will show peaks based on the quality of the ANOVA statistics with the better quality being 

a higher peak. It is at this point that the user can select the most significant peak and Peranso will 

display the period as well the errors calculated with it.  

 

III.3. Ephemeris and Period Analysis 

 After calculating the orbital period using the Peranso software, the times of minimum for 

each of the primary and secondary eclipses can then be calculated. This is done using software 

(Robert Berrington, private communication, 2016) that implements the algorithm from Kwee and 
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van Woreden (1956). With this method, the user selects a minimum data point from the light 

curve data close to what is believed to be the minimum, T1, with the remaining points of the 

parabolic eclipse reflected on either side of this data point. A reflection axis in time at T1 is 

defined. This allows us to define pairs of points on either side of this axis with similar distances 

in time from T1. A number of pairs of points are selected over a window in time using linear 

interpolation between points in chronological order. The differences of the magnitudes of each of 

the pairs are calculated and then squared. These squares are then added together as s(T1). The 

reflection axis of T1 is then shifted to T1+½Δt, where Δt is the distance between the points. The 

value of s(T1+½Δt ) is then recomputed. This is done similarly for T1-½Δt. All three values are 

then compared and s(T1) should be smaller than the other two if chosen correctly. The time of 

minimum can be found by fitting a second order polynomial using the s-values to find the 

coefficients that are then used to find the time of minimum, TO, using the minimum value of a 

parabola. The three values are then used in  

s(T)=aT2+bT+c      (2) 

where a, b, and c are the s values found previously. Equation 2 forms a parabola with a minimum 

at T0=-b/2a. The mean error is then calculated using 

     (3) 

where Z is the number of pairs of points selected (Kwee, van Woreden, 1956). Once the time of 

minimum and its errors are calculated, the program writes the data to a file for later use. The 

times of minimum were calculated for each of the primary and secondary minima for each of the 

filters.  
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 Once the minima are found, the periodicity of the systems can be checked. This can be 

done by comparing the minimum observed time with the calculated time using a linear 

ephemeris of  

€ 

T = T0 + P⋅ N       (4) 

where T is the calculated time of the primary eclipse, T0 is the epoch of the primary eclipse, P is 

the orbital period and N, or epoch number, is the number of cycles between T0 and T (Percy, 

2007). This is then done for all primary minima. The secondary minima are calculated by 

adjusting the number of cycles to being half integers. Taking the difference of the observed time 

of minimum and the calculated time of minimum and plotting it against time, one can see if there 

is a change in the periodicity of the system. If the resulting trend is a horizontal line, then the 

period is constant at the period P. However, a curved line will show that the system is 

undergoing an orbital period change. A straight line with a positive or negative slope will 

indicate that the real period is longer or shorter. 

 

III.4 Temperature 

 The next characteristic from the system that can be extracted is the stellar temperature. 

This is done using the (B-V) color index. Subtracting the magnitudes of the Johnson B and V 

light curves give a ratio of the B and V fluxes. This ratio gives an indication of what a blackbody 

curve’s wavelength peaks and temperature can then be calculated using Wein’s Law (Percy, 

2007). By subtracting the magnitudes, larger numbers will result in lower temperatures and 

lower or negative numbers will give higher temperatures. 

In order to accurately calculate the color index, the Johnson B and V light curve data 

must be calibrated, as we do not know the temperatures of the comparison star and check star. 
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This issue is resolved using a Tycho standard star, which has well-established B and V 

magnitudes based on the Tycho-2 Catalogue (Høg et al, 2000). A Tycho standard star was found 

within the same field and was compared to the B and V magnitudes of the comparison star. The 

difference between the two stars is found and magnitude of the comparison star is changed to 

reflect this magnitude difference based on the published magnitudes of the Tycho star. Once this 

magnitude is found, the data sets for the B and V light curves are adjusted.  

 Once the B and V light curves have been adjusted, these adjusted file sets are input into a 

separate program (Robert Berrington, private communication, 2016). This program compares the 

B and V light curves at the same point. Since the data was taken at different times, this cannot be 

done directly. The program converts both the B and V data from HJD into phase. Once this is 

done, it compares the V data with the B data and displays the difference graphically plotted 

against phase, which can be seen in Figures 8 and 15 in V.I and V.II for the first and second set 

of stars respectively. From these plots, the (B-V) value was found using the points at ±0.25 

phase.  

As the light travels from the star to Earth, it will pass through areas of interstellar dust. 

As the light goes through this dust, the bluer wavelengths will be more scattered from the line of 

sight, making the light transmitted redder. This is known as interstellar reddening and must be 

accounted for when finding the temperature of the stars. The amount of the interstellar reddening 

varies depending on the locations of the observed objects. Using a source1 that allows the user to 

input the coordinates from the observation, the extinction value, E(B-V), was found based on the 

Schlafly and Finkbeiner models (Schlafly and Finkbeiner, 2011). The E(B-V) extinction value is 

the (B-V) color index observed subtracted by the theoretical (B-V) color index of the same star if 

																																																								
1	http://irsa.ipac.caltech.edu/applications/DUST/	
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there was no extinction. Schlafly and Finkbeiner created a dust map based on the Sloan Digital 

Sky Survey (SDSS) to calculate the extinction value. This extinction value was then subtracted 

from the (B-V) value, as calculated above, giving a new value accounting for the interstellar 

reddening. From this value, the temperature was found using Table 3 in Flower (1996) which 

lists the (B-V) colors in relations to the temperatures based on a polynomial fit to observed stars.  
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IV Modeling and PHOEBE 

 In order to create a model of the binary system, the light curves are loaded into a 

modeling program that can calculate the parameters of the system and create a visual 

representation of it. However, as the light curves are the measurements of the system, the stellar 

parameters must be calculated in such a way for the result to be similar to the light curves. This 

is known as the inverse problem.  

 

IV.1 Inverse Problem 

 The difficulty of the inverse problem is finding a group of parameters that will match a 

desired result. In the case of binary systems, one is looking for the stellar parameters that will 

reproduce the observed light curves. The reason that this is a problem is that it may not have a 

unique solution allowing for a set of incorrect parameters to create the desired result (Prša, 

2011). These incorrect parameters can be unphysical in nature, but still result in matching the 

observed light curve.  

 A method for solving the inverse problem is by calculating a cost function, χ2 (Prša, 

2011). The software looks at minimizing the difference between the observed light curve and the 

synthetic model (Prša, 2011). This cost function is then used to calculate a cost coefficient that 

measures how well the parameters fit within the model (Prša, 2011). This is used to check that 

the model has not settled at a local minimum. The program will make a small adjustment to kick 

the fit from a local minimum until it finds the global minimum (Prša, 2011). 
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 There are many minimizing techniques that can be used including Differential 

Corrections, Powell’s Direction Set method, and Nelder and Mead’s downhill Simplex (Prša, 

2011). Each of these has their own benefits as well as limitations with computational time being 

one of the largest limitations. Differential Correction is the default method in PHOEBE due to its 

straight forward process and was used for this thesis.  

 

IV.2 PHOEBE 

 The program interface that this thesis uses is PHysics Of Eclipsing BinarEs (PHOEBE) 

(Prša, 2011). This program is a free, open source Linux-based program that has a graphical user 

interface (GUI) for the Wilson-Devinney (WD) modeling code (Prša, 2011). The WD code 

creates models of binary systems having Roche Lobes rather than previous programs that created 

models that used spherical or ellipsoidal stars (Wilson & Devinney, 1971). By using the Roche 

models, PHOEBE can create a more physically realistic model of the binary system.  

 The first step of the modeling process in PHOEBE is to load the light curves into the 

program. During this importing process the photometric filter for each of the light curves is 

specified as well as identifying the columns for HJD, V-C1 magnitude and the magnitude error. 

Once the data sets for each filter are imported, the type of binary system is specified. For this 

thesis, “Over-contact binary not in thermal equilibrium” was selected. This is based on 

classification from the ASAS and allows for the temperatures of each star to be independently 

specified.  

 The HJD of the primary eclipse and the period that was found using the techniques from 

section III.3 was then entered as well as the temperature of the stars, which was found using 

techniques in section III.4. These parameters were held constant during the modeling process. 
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The differential magnitudes for each of the three data sets were then calculated and initially held 

constant.  

As one looks from the center to the edges of the star, the brightness will decrease and is 

known as limb darkening. Since a star is not the same brightness over the entire disk that is 

observed, limb darkening coefficients are used to calculate the effects of this darkening. Since 

PHOEBE does not automatically constrain the limb darkening coefficients, square root limb 

darkening laws were selected using the Van Hamme tables (Hamme, 1993). 

 With the above specified parameters being held constant, other parameters are allowed to 

vary as the program attempts to match each of the photometric light curves simultaneously. For 

this thesis, these parameters include the temperature of the second star, the mass ratio of the two 

stars, the surface potentials that describe the shape of each of the stars in their respective Roche 

lobes, and the inclination of the system. The program will vary these in steps allowing for the 

user to continue the modeling process and adjust the parameters as needed. Finally, the 

luminosities are allowed to vary along with the other varying parameters to fine tune the model.  

 The user can create a graphical comparison between the actual light curve and the model 

for each filter. Additionally, the residuals between the model and actual light curve can also be 

shown on a per filter basis. By seeing these comparisons as well as the residuals, the user can see 

how accurate the model is. From here, the user can create a visual representation of the system in 

a 3-D image. Once the user is satisfied with the fit of the model, the models can be saved and 

written to an output file. 

 10 synthetic models based on the original light curves were generated to find the errors of 

the modeling parameters. This is done using a piece of software (Robert Berrington, private 

communication, 2016) that creates a small variation of each data point of each of the observed 
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light curves. These new synthetic light curves are then modeled using the method described 

above with the varying parameters being chosen with differing starting points. Once the model 

converges, the parameters are extracted. This is repeated for all 10 synthetic models and the 

errors result from the standard deviation of these extracted parameters. 
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V. Results 

V.1. ASAS J050922-1932.5 

 The data for ASAS J050922-1932.5 was reduced using IRAF as described in section II.3-

II.8. Once reduced, AIP4Win was used to perform the photometry as described in section III.1 

with the resulting light curves as shown in Figure 8. Using these light curves as described in 

III.2, Peranso was able to calculate the orbital period to be 0.270834±0.000283 days. Times of 

minima are shown in Table 4.  

The primary eclipse in Johnson B filter of 2457361.600393±0.000369 was chosen to be 

ephemeris epoch, T0, making the linear ephemeris 

Tmin=2457361.600393±0.000369 + (0.270834±0.000283)N   (5) 

where N is the epoch number as described in Section III.3. The epochs for each primary and 

secondary eclipse were calculated and the times of minima are shown given in Table 4 as 

determined from equation (4). Using these epochs, the calculated periods were found as 

described in section III.3. This leads to the observed minus calculated, O-C, shown in Table 4. 

The O-C values are shown plotted graphically versus epoch number in Figure 9 below.  
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Figure 8 Phased light curves for ASAS J050922-1932.5 The top panel shows the Johnson B, V and Cousins R 
light curves for ASAS J050922-1932.5 in respective order. The bottom pane shows the comparison star minus check 
star. All error bars are displayed for all four images. 
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(1) (2) (3) (4) (5) (6) (7) 

HJD ± Eclipse Filter Epoch O-C ± 
2457361.600393 0.000369 p B 0.0 0.000000 0.000369 
2457361.733638 0.000272 s B 0.5 -0.002172 0.000459 
2457349.817484 0.000309 s B -43.5 -0.001630 0.000481 
2457353.746218 0.000536 p V -29.0 0.000011 0.000651 
2457353.610884 0.000461 s V -29.5 0.000094 0.000591 
2457355.641982 0.000313 p Rc -22.0 -0.000063 0.000484 
2457355.775970 0.000455 s Rc -21.5 -0.001492 0.000586 

 

Table 4 Eclipse and O-C data for ASAS J050922.1932.5. This table shows the HJD (1) and error (2) for primary 
and secondary eclipses (3) for ASAS J050922.1932.5. Column (3) specifies the filter used during observation. 
Column (5) is the  epoch number for each eclipse based on the initial being T0. Using the HJD and the epoch 
numbers, the calculated periods can then be calculated and subtracted from the observed periods in the O-C column 
(6) with the error given in (7). 

	

 
 

Figure 9 O-C plot for ASAS J050922-1932.5. This is a plot of the O-C for the primary and secondary eclipses 
from the data in Table 4. The primary eclipses are shown as diamonds and the secondary eclipses are shown as 
squares. The trend line is based on both the primary and secondary eclipses with a slope of -6x10-6. This results in a 
period that is consistent with the period determined by Peranso with the error bars.  

  

 The effective temperature of the stars was found as described in section III.4. Using 

Figure 10, at the orbital quadrature (0.25 and 0.75 phase), the (B-V) color index was found to be 

0.59±0.04 magnitudes. The interstellar extinction at the coordinates for this system are E(B-V) = 

0.032 magnitudes (Schlafly and Finkbeiner, 2011). Using this reddening extinction value, I get 
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for (B-V)0 = 0.558±0.04 magnitudes. From Table 3 in Flower (1996), the effective temperature is 

6040±150K.  

 
Figure 10 (B-V) color curve for ASAS J050922-1932.5. The top panel shows the observed Johnson V. The 
horizontal axis shows the curve in reference to the phase during the orbit of the stars while the vertical axis shows 
the magnitude of the stars. The bottom panel shows the (B-V) color curve for temperature estimation. Temperatures 
are estimated at quadrature from the bottom panel using the method described in section III.4. Error bars have been 
removed for clarity. 

 The modeling process was performed as described in section IV.2 using PHOEBE. Using 

the period, HJD0 and the temperature extracted from Figure 10 using the method described in 

section III.4 as the constant parameters, the remaining parameters were allowed to vary until the 

cost functions were minimized and the model was as closely aligned to the observed data as 
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possible for each of the Johnson B and V and Cousins R bands. These are displayed in Figures 

11-13 and the stellar surface for the best-fitting model is shown in Figure 14. It is at this point 

that the stellar parameters were extracted and given in Table 5. All reported errors are 1σ error 

bars, and are determined the method described in section IV.2.  

 

Figure 11 Observed and modeled light curves for Johnson B filter for ASAS J050922-1932.5. The top pane 
shows the observed and modeled light curves for B filter data. The observed are shown as points with the model 
shown as the continuous curve.  The vertical axis for the top panel shows the differential magnitudes while the 
horizontal axis is what phase the stars are in during their orbit. The lower panel shows the observed residuals as 
individual points with the zero shown as the continuous red line. The vertical axis shows the magnitude of the 
residuals with the horizontal axis showing the phase of the orbits. Error bars have been removed for clarity. 
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Figure 12 Observed and modeled light curves for Johnson V filter for ASAS J050922-1932.5. The top pane 
shows the observed and modeled light curves for V filter data. The observed are shown as points with the model 
shown as the continuous curve.  The vertical axis for the top panel shows the differential magnitudes while the 
horizontal axis is what phase the stars are in during their orbit. The lower panel shows the observed residuals as 
individual points with the zero shown as the continuous red line. The vertical axis shows the magnitude of the 
residuals with the horizontal axis showing the phase of the orbits. Error bars have been removed for clarity. 
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Figure 13 Observed and modeled light curves for Cousins R filter for ASAS J050922-1932.5. The top pane 
shows the observed and modeled light curves for R filter data. The observed are shown as points with the model 
shown as the continuous curve.  The vertical axis for the top panel shows the differential magnitudes while the 
horizontal axis is what phase the stars are in during their orbit. The lower panel shows the observed residuals as 
individual points with the zero shown as the continuous red line. The vertical axis shows the magnitude of the 
residuals with the horizontal axis showing the phase of the orbits. Error bars have been removed for clarity. 
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Figure 14 Three-dimensional model of ASAS J050922-1932.5. Graphical representation of the modeled system 
using the stellar parameters as found in Table 5. 

Parameter Symbol Value ± 
Period P [days] 0.270834 0.00028 
Epoch T0 [HJD] 2457361.600393 0.000370 
Inclination i [°] 67.624652 0.26 
Surface 
Temperature Teff,1 [K] 6040 150 
  Teff,2 [K] 5642 150 
Surface 
Potential Ω1,2 [-] 3.873745 0.068 
Mass Ratio q [-] 1.096494 0.04 
Luminosity [L1/(L1+L2)]B 0.683 0.005 
  [L1/(L1+L2)]V 0.675 0.004 
  [L1/(L1+L2)]RC 0.681 0.004 
Limb 
Darkening xbol1,2 0.5   
  ybol1,2 0.5   
  xB,1,2 0.5   
  yB,1,2 0.5   
  xV,1,2 0.5   
  yV,1,2 0.5   
  xR,1,2 0.5   
  yR,1,2 0.5   

 

Table 5 Model parameters extracted from best-fit model for ASAS J050922-1932.5. The errors were found as 
described in section IV.2 except for the effective temperatures that were found as described in section III.4. All 1 
and 2 subscripts refer to the primary and secondary components, respectively.   
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 It can be easily seen in Figures 11 through 13 that the modeled light curves do not match 

up exactly with the observed light curve. Additional models with star spots were also considered 

due to the observed O’Connell effect seen at 0.25 and 0.75 phase. Star spots are regions on the 

star that is hotter or cooler than the rest of the star. These spots will have a small adjustment on 

the light curve due to the variation in temperature between the spot and the rest of the star. All 

spots were manually adjusted for radius of the spot and longitude while keeping the colatitude 

set at 90 degrees, which is the star’s equator. The temperature was varied until the best-fit for the 

spotted model was found. With the spots were added and held fixed, one final model was run to 

adjust the stellar parameters. The spot parameters are shown in Table 6 with the primary spot on 

the primary star and the secondary (1) and (2) on the secondary star. The light curves with spots 

are shown in Figures 15-17 with the stellar surface of best-fitting model shown in Figure 18. 

Stellar parameters are listed in Table 7 based on the spotted models. 

  Primary Secondary (1) Secondary (2) 
Co-latitude (°) 90 90 90 
Longitude (°) 196 270 37 
Radius (°) 23 30 32 
Temperature 1.0086 1.03 0.98 

 

Table 6 Best-fit model spot parameters for ASAS J050922-1932.5. These are the resulting co-latitude, longitude, 
radius and temperature of each of the spots that provided the best-fit model. The primary spot is on the primary star 
with the secondary (1) and secondary (2) spots on the secondary star.  
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Figure 15 Observed and spotted model light curves for Johnson B filter for ASAS J050922-1932.5. The top 
pane shows the observed and spotted model light curves for B filter data. The observed are shown as points with the 
spotted model shown as the continuous curve.  The vertical axis for the top panel shows the differential magnitudes 
while the horizontal axis is what phase the stars are in during their orbit. The lower panel shows the observed 
residuals as individual points with the zero shown as the continuous red line. The vertical axis shows the magnitude 
of the residuals with the horizontal axis showing the phase of the orbits. Error bars have been removed for clarity. 
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Figure 16 Observed and spotted model light curves for Johnson V filter for ASAS J050922-1932.5. The top 
pane shows the observed and spotted model light curves for V filter data. The observed are shown as points with the 
spotted model shown as the continuous curve.  The vertical axis for the top panel shows the differential magnitudes 
while the horizontal axis is what phase the stars are in during their orbit. The lower panel shows the observed 
residuals as individual points with the zero shown as the continuous red line. The vertical axis shows the magnitude 
of the residuals with the horizontal axis showing the phase of the orbits. Error bars have been removed for clarity. 
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Figure 17 Observed and spotted model light curves for RC filter for ASAS J050922-1932.5. The top pane shows 
the observed and spotted model light curves for RC filter data. The observed are shown as points with the spotted 
model shown as the continuous curve.  The vertical axis for the top panel shows the differential magnitudes while 
the horizontal axis is what phase the stars are in during their orbit. The lower panel shows the observed residuals as 
individual points with the zero shown as the continuous red line. The vertical axis shows the magnitude of the 
residuals with the horizontal axis showing the phase of the orbits. Error bars have been removed for clarity. 
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Figure 18 Phased three-dimensional spotted model of ASAS J050922-1932.5. Graphical representation of the 
modeled system with spots. Stellar parameters describing the system are given in Table 6. Modeled system at top 
left is primary eclipse (phase 0.0) clockwise to phase 0.25, phase 0.5 which is the secondary eclipse to phase 0.75. 

Parameter Symbol Value without spots ± Value with spots ± 
Period P [days] 0.270834 0.00028 0.270834 0.00028 
Epoch T0 [HJD] 2457361.600393 0.000370000 2457361.600393 0.000370000 
Inclination i [°] 67.624652 0.26 67.05009 0.26 
Surface 
Temperature Teff,1 [K] 6040 150 6040 150 
  Teff,2 [K] 5642 150 5614 150 
Surface 
Potential Ω1,2 [-] 3.873745 0.068 3.941758 0.068 
Mass Ratio q [-] 1.096494 0.04 1.130752 0.04 
Luminosity [L1/(L1+L2)]B 0.683 0.005 0.684 0.005 
  [L1/(L1+L2)]V 0.675 0.004 0.676 0.004 
  [L1/(L1+L2)]RC 0.681 0.004 0.682 0.004 
Limb 
Darkening xbol1,2 0.5   0.5   
  ybol1,2 0.5   0.5   
  xB,1,2 0.5   0.5   
  yB,1,2 0.5   0.5   
  xV,1,2 0.5   0.5   
  yV,1,2 0.5   0.5   
  xR,1,2 0.5   0.5   
  yR,1,2 0.5   0.5   

 

Table 7 Model parameters extracted from best-fit model for ASAS J050922-1932.5 with spots.. The errors 
were found as described in section IV.2 except for the effective temperatures that were found as described in section 
III.4. All 1 and 2 subscripts refer to the primary and secondary components, respectively. All quoted errors are 1σ 
errors. Spot parameters can be found in Table 6 on page 41. 



	 46	

V.2. ASAS J044216-2549.5 

Modeling of ASAS J044216-2549.5 was performed similarly to the first system as listed 

in section V.1. The data were reduced using IRAF as described in section II.3-II.8 with the 

photometry performed as described in section III.1 The resulting light curves can be seen in 

Figure 19 below. Using Peranso, the orbital period was calculated to be 0.254903±0.000027 

days. As described in section III.3, observed primary and secondary eclipses as well as the 

calculated primary and secondary eclipses and are listed in Table 8. The primary eclipse from the 

Johnson B filter of 2457379.771473±0.000268 was selected as the ephemeris epoch, T0. The 

resulting the linear ephemeris is  

Tmin = 2457379.771473±0.000268 + (0.254903±0.000027)N  (6) 

where N is the epoch number. From this data, the O-C values were calculated as described in 

section III.3 and is reported in Table 8. Figure 20 shows the observed times of minima minus 

calculated times of minima (O-C) determined by equation (4) versus orbital epoch number.  
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Figure 19 Phased light curves for ASAS J044216-2549.5. The top panel shows the Johnson B, V and Cousins R 
light curves for ASAS J044216-2549.5 in respective order. The bottom pane shows the comparison star minus check 
star. All error bars are displayed for all four images. 
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(1) (2) (3) (4) (5) (6) (7) 
HJD ± Eclipse Filter Epoch O-C ± 

2457379.771473 0.000268 p B 0.0 0.000000 0.000268 
2457379.643030 0.000583 s B -0.5 -0.000991 0.000641 
2457398.634319 0.000292 p V 74.0 0.000024 0.000396 
2457421.575753 0.000844 p V 164.0 0.000188 0.000886 
2457421.701550 0.000412 s V 164.5 -0.001467 0.000492 
2457355.556324 0.000270 p Rc -95.0 0.000636 0.000380 
2457426.672451 0.000254 p Rc 184.0 -0.001174 0.000369 
2457416.603071 0.000339 s Rc 144.5 -0.001885 0.000432 

 

Table 8 Eclipse and O-C data for ASAS J044216-2549.5. This table shows the HJD (1) and error (2) for primary 
and secondary eclipses (3) for ASAS J044216-2549.5. Column (3) specifies the filter used during observation. 
Column (5) is the epoch number for each eclipse based on the initial being T0. Using the HJD and the epoch 
numbers, the calculated periods can then be calculated and subtracted from the observed periods in the O-C column 
(6) with the error given in (7). 

	

 

Figure 20 O-C plot for ASAS J044216-2549.5. This is a plot of the O-C for the primary and secondary eclipses 
from the data in Table 7. The primary eclipses are shown as diamonds and the secondary eclipses are shown as 
squares. The trend line is based on both the primary and secondary eclipses and results in a slope of -5x10-6. This 
results in a period that is consistent with the period determined by Peranso with the error bars.  

The temperatures were found using Figure 21 and the technique from section III.4. The 

(B-V) color index was found to be 0.49±0.03 magnitudes at -0.25 phase. The interstellar 

extinction E(B-V) magnitudes (Schlafly and Finkbeiner, 2011) at these coordinates is listed as 
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0.024. Subtracting E(B-V) from (B-V) gives a resulting color index of (B-V)0 = 0.47±0.03 

magnitudes. From Table 3 in Flower (1996), the effective temperature is 6409±130K. 

 
Figure 21 (B-V) color curve for ASAS J044216-2549.5. The top panel shows the observed Johnson V. The 
horizontal axis shows the curve in reference to the phase during the orbit of the stars while the vertical axis shows 
the magnitude of the stars. The bottom panel shows the (B-V) color curve for temperature estimation. Temperatures 
are estimated at quadrature from the bottom panel using the method described in section III.4. Error bars have been 
removed for clarity. 

Best fitting stellar models were determined using the PHOEBE software suite following 

the method described in section 1V.2. Holding the orbital period, HJD and temperatures 

constant, the remaining parameters were allowed to vary as previously described in section IV.2 

and the model was adjusted until the cost function was minimized. The observed and model light 
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curves are displayed in Figures 22-24 with a graphical representation of the model shown in 

Figure 25. Best-fitting stellar model parameters are reported in Table 9.  

 

Figure 22 Observed and modeled light curves for Johnson B filter for ASAS J044216-2549.5. The top pane 
shows the observed and modeled light curves for B filter data. The observed are shown as points with the model 
shown as the continuous curve.  The vertical axis for the top panel shows the differential magnitudes while the 
horizontal axis is what phase the stars are in during their orbit. The lower panel shows the observed residuals as 
individual points with the zero shown as the continuous red line. The vertical axis shows the magnitude of the 
residuals with the horizontal axis showing the phase of the orbits. Error bars have been removed for clarity. 
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Figure 23 Observed and modeled light curves for Johnson V filter for ASAS J044216-2549.5. The top pane 
shows the observed and modeled light curves for V filter data. The observed are shown as points with the model 
shown as the continuous curve.  The vertical axis for the top panel shows the differential magnitudes while the 
horizontal axis is what phase the stars are in during their orbit. The lower panel shows the observed residuals as 
individual points with the zero shown as the continuous red line. The vertical axis shows the magnitude of the 
residuals with the horizontal axis showing the phase of the orbits. Error bars have been removed for clarity. 
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Figure 24 Observed and modeled light curves for Cousins R filter for ASAS J044216-2549.5. The top pane 
shows the observed and modeled light curves for R filter data. The observed are shown as points with the model 
shown as the continuous curve.  The vertical axis for the top panel shows the differential magnitudes while the 
horizontal axis is what phase the stars are in during their orbit. The lower panel shows the observed residuals as 
individual points with the zero shown as the continuous red line. The vertical axis shows the magnitude of the 
residuals with the horizontal axis showing the phase of the orbits. Error bars have been removed for clarity. 
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Figure 25 Three-dimensional model of ASAAS J044216-2549.5. Graphical representation of the modeled system 
using the stellar parameters as found in Table 8. 

Parameter Symbol Value ± 
Period P [days] 0.254903 0.000027 
Epoch T0 [HJD] 2457379.771473 0.000270000 
Inclination i [°] 73.804939 0.05 
Surface 
Temperature Teff,1 [K] 6409 130 
  Teff,2 [K] 5977 130 
Surface Potential Ω1,2 [-] 3.8181 0.037 
Mass Ratio q [-] 1.073089 0.02 
Luminosity [L1/(L1+L2)]B 0.557 0.002 
  [L1/(L1+L2)]V 0.529 0.002 
  [L1/(L1+L2)]RC 0.523 0.002 
Limb Darkening xbol1,2 0.5   
  ybol1,2 0.5   
  xB,1,2 0.5   
  yB,1,2 0.5   
  xV,1,2 0.5   
  yV,1,2 0.5   
  xR,1,2 0.5   
  yR,1,2 0.5   

 

Table 9 Model parameters extracted from best-fit model for ASAS J044216-2549.5. The errors were found as 
described in section IV.2 except for the effective temperatures that were found as described in section III.4. All 1 
and 2 subscripts refer to the primary and secondary components, respectively.   
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As described in the previous section, star spots were added to this model for a better fit 

with the observed data. Spots were again manually adjusted for spot radius and longitudinal 

location, with colatitude being held at 90 degrees to begin with. The temperature was allowed to 

vary as PHOEBE fit the model to the observed data. The colatitude of the secondary (2) spot was 

manually adjusted in an attempt to further refine the model fit. The final spot parameters are 

given in Table 10. With the spots added and held fixed, one final model was run with the stellar 

parameters extracted and found in Table 11. Folded light curve models with spots can be found 

in Figures 26-28. Best-fitting stellar model surface is shown in Figure 29. 

  Primary Secondary (1) Secondary (2) 
Co-latitude (°) 90 90 75 
Longitude (°) 121 53 161 
Radius (°) 30 30 26 
Temperature 1.0175 0.9525 0.9449 

 

Table 10 Best-fit model spot parameters for ASAS J044216-2549.5. These are the resulting co-latitude, 
longitude, radius and temperature of each of the spots that provided the best-fit model. The primary spot is on the 
primary star with the secondary (1) and secondary (2) spots on the secondary star.  
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Figure	26	Observed and spotted model light curves for Johnson B filter for ASAS J044216-2549.5. The top 
pane shows the observed and spotted model light curves for B filter data. The observed are shown as points with the 
spotted model shown as the continuous curve.  The vertical axis for the top panel shows the differential magnitudes 
while the horizontal axis is what phase the stars are in during their orbit. The lower panel shows the observed 
residuals as individual points with the zero shown as the continuous red line. The vertical axis shows the magnitude 
of the residuals with the horizontal axis showing the phase of the orbits. Error bars have been removed for clarity. 
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Figure 27 Observed and spotted model light curves for Johnson V filter for ASAS J044216-2549.5. The top 
pane shows the observed and spotted model light curves for V filter data. The observed are shown as points with the 
spotted model shown as the continuous curve.  The vertical axis for the top panel shows the differential magnitudes 
while the horizontal axis is what phase the stars are in during their orbit. The lower panel shows the observed 
residuals as individual points with the zero shown as the continuous red line. The vertical axis shows the magnitude 
of the residuals with the horizontal axis showing the phase of the orbits. Error bars have been removed for clarity. 
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Figure 28 Observed and spotted model light curves for RC filter for ASAS J044216-2549.5. The top pane shows 
the observed and spotted model light curves for RC filter data. The observed are shown as points with the spotted 
model shown as the continuous curve.  The vertical axis for the top panel shows the differential magnitudes while 
the horizontal axis is what phase the stars are in during their orbit. The lower panel shows the observed residuals as 
individual points with the zero shown as the continuous red line. The vertical axis shows the magnitude of the 
residuals with the horizontal axis showing the phase of the orbits. Error bars have been removed for clarity. 
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Figure 29 Phased three-dimensional spotted model of ASAS J044216-2549.5. Graphical representation of the 
modeled system with spots using the stellar parameters as found in Table 9. Modeled system at top left is primary 
eclipse (phase 0.0) clockwise to phase 0.25, phase 0.5 which is the secondary eclipse to phase 0.75. 

Parameter Symbol Value without spots ± Value with spots ± 
Period P [days] 0.254903 0.000027 0.254903 0.000027 
Epoch T0 [HJD] 2457379.771473 0.000270000 2457379.771473 0.000270000 
Inclination i [°] 73.804939 0.05 73.585872 0.05 
Surface 
Temperature Teff,1 [K] 6409 130 6409 130 
  Teff,2 [K] 5977 130 6143 130 
Surface Potential Ω1,2 [-] 3.8181 0.037 3.8181 0.037 
Mass Ratio q [-] 1.073089 0.02 1.07309 0.02 
Luminosity [L1/(L1+L2)]B 0.557 0.002 0.550 0.002 
  [L1/(L1+L2)]V 0.529 0.002 0.524 0.002 
  [L1/(L1+L2)]RC 0.523 0.002 0.518 0.002 
Limb Darkening xbol1,2 0.5   0.5   
  ybol1,2 0.5   0.5   
  xB,1,2 0.5   0.5   
  yB,1,2 0.5   0.5   
  xV,1,2 0.5   0.5   
  yV,1,2 0.5   0.5   
  xR,1,2 0.5   0.5   
  yR,1,2 0.5   0.5   

 

Table 11 Model parameters extracted from best-fit model for ASAS J044216-2549.5 with spots. Model 
parameters extracted from best-fit model as well as best fit model with spots. The errors were found as described in 
section IV.2 except for the effective temperatures that were found as described in section III.4. All 1 and 2 
subscripts refer to the primary and secondary components, respectively. Spot parameters can be found in Table 10 
on page 54. 
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VI. Discussion and Conclusion 
 

 The results of the models indicate that both systems are over-contact W Ursae Majoris 

eclipsing binary systems that are not yet in thermal equilibrium. In researching both systems, the 

stellar parameters found in this thesis match with data from additional wide field surveys 

performed in the southern hemisphere. However, since these large-scale surveys, such as the All 

Sky Automated Survey (ASAS) (Paczyński et al., 2006), have poor temporal coverage of these 

systems during the surveys, it is necessary to observe the binary systems individually. The ASAS 

is useful to confirm some of the static parameters that are used in the modeling process such as 

the period. 

Using the techniques from section III.1, ASAS J050922-1932.5 was found to have an 

orbital period of 0.270834±0.00028 days. This is in agreement with the orbital period from the 

All Sky Survey of 0.270842 days. In addition to being part of the ASAS, this system was studied 

by Radial Velocity Experiment (RAVE) (Kordopatis et al. 2013). This survey’s goals were to 

capture the spectra of 20,000 square degrees in the southern hemisphere to find the radial 

velocities of the stars in the Milky Way galaxy. In addition to the radial velocities of the stars in 

the survey, the spectroscopic data also resulted in additional stellar parameters for some stars. 

One of these parameters was finding the effective temperature of the stars, which for ASAS 

J050922-1932.5 is 5995K (Kordopatis et al. 2013). This temperature agrees with the temperature 

of 6040±150K that was found using the technique described in section III.4 and was used in the 

modeling of the system.  

Similarly, ASAS J044216-2549.5 has also been studied in wide field surveys. The 

University of New South Wales conducted the University of New South Wales Estrasolar Planet 

Search during which they catalogued variable stars in the southern hemisphere while looking for 
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extrasolar planets (Christiansen et al. 2008). Using observations through Johnson I filter, they 

extracted 850 variable light curves and were able to calculate orbital periods for these systems. 

This survey found that the orbital period for ASAS J044216-2549.5 to be 0.25489 days 

(Christiansen et al. 2008). Error bars were not determined in this study. The ASAS found the 

orbital period to be 0.254893 days. As described in section III.1, the orbital period was found to 

be 0.254903±0.000027 days, which is in good agreement with the ASAS as well as the 

University New South Wales Extrasolar Planet Search. J.D. Christiansen was contacted in an 

attempt to acquire the survey data for this system to accompany the observed data, however, they 

no longer have access to the database.  

From Figures 9 and 20, one can see that there is a negative slope for the best-fit line of 

the O-C graph. This indicates that the period is incorrect. As this is an initial study of both of 

these systems, additional observations over a longer time span are needed to further refine the 

period. As described in section III.3, a negative slope indicates that the period is shorter than the 

one used.   

In looking at the light curves for both systems in Figures 8 and 19, one can see the 

smooth variations that are typical for W Ursae Majoris variables. Additionally, the left peak at a 

phase of -0.25 of each of the curves is higher than the right peak at phase of 0.25. This variation 

in the peak is known as the O’Connell effect (O’Connell, 1951) that can indicate starspots as 

described in section I.3. Looking at both Figures 8 and 19, the primary minima are centered at 

phase 0. For both stars, the maxima immediately following the primary minima are lower than 

the maxima preceding the primary minima. This is known as a positive O’Connell effect that is 

characterized by the brighter maximum following the primary minima. A negative O’Connell 

effect would be the opposite and was not found for either star.  
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After many attempts at changing the starspot parameters, one can see that there is still a 

difference between the models and the observed data. This difference is more pronounced for B 

filter in ASAS J050922-1932.5 with a differential magnitude of 0.1 between the model and the 

actual observations. For V and RC of the ASAS J044216-2549.5 has a difference in differential 

magnitude of 0.05 between the model and the observed data. A possible explanation for these 

variations may be due to the starspots changing between observations. As there were several 

days to several weeks between observations, the spots may have changed creating the difficulty 

in accurately modeling each filter with the added spots. One resolution to this issue would be to 

cycle through all filters during future observations and see if the spot model would hold across 

all filters.  

Visual inspection of the light curves for ASAS J044216-2549.5 shows incomplete 

coverage in both the V and Rc filters. PHOEBE was still able to perform the modeling of the 

system in which the model matches closely the observed data. In order to calculate the errors, 

synthetic models were created as described in section IV.2. However, the resulting synthetic light 

curves were non-physical and were not used. In order to create usable synthetic light curves 

based on the incomplete observed curves, a third order polynomial spline was used to introduce 

points at the same time interval as the preceding points to fill in the missing section. Once these 

points were placed, the program varied the entire light curve as described in section IV.2 after 

which the points were then removed leaving the varied synthetic curve. This is done with the 

assumption that the light curve is smoothly varying over the time where the points were missing. 

These missing points would also have caused difficulty in PHOEBE modeling with starspots 

creating the variations between the models and the observed data.  
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In summary, both ASAS J044216-2549.5 and J050922-1932.5 are W Ursae Majoris 

binaries. Each system has a slightly larger primary component as seen from the differing 

minimas. Both binaries exhibit a positive O’Connell effect which indicate the presence of 

starspots. Adding starspots to the models allowed for a better fit to the observed data.  

Further photometric observations on these systems would be the next logical step. For 

ASAS J044216-2549.5, additional photometric observations would be able to complete the light 

curves for better modeling. More photometric observations on both systems would allow for 

improved modeling as well as creating a better baseline for the orbital period by increasing the 

number of points on the O-C plot. Additionally, obtaining spectroscopic data for both systems 

will narrow the temperature range for each system as well as give additional static parameters to 

include in the modeling process using PHOEBE.  
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