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ABSTRACT 

 

 

THESIS: Harvesting Planets in the Inner and Outer Galaxy 

STUDENT:  Joseph D. Kindt 

DEGREE: Master of Science 

COLLEGE: Science and Humanities 

DATE: December 2015 

PAGES: 126 

 This thesis project involves the creation of a data analysis pipeline that will be used for 

the study of the incidence of exoplanets in the midplane of the Galaxy. The procedure for the 

reduction of data is designed to use IRAF, and the procedure for the analysis of the data uses 

pyDIA and VaST. pyDIA is a program that performs difference imaging and photometry and is 

designed for use with crowded fields; VaST includes aperture and psf-fitting photometry 

methods. Sample data of the fields of interest are used in the design of the analysis procedure. 

These images were obtained using the SARA-S Observatory telescope. 

 The results from VaST and pyDIA are compared in order to select the most appropriate 

analysis method. Seven variable star candidates in the data set were discovered using both 

programs. Light curves and coordinates of these stars are presented. 

Specifically, the analysis pipeline will be used in future research to investigate the 

incidence of exoplanets at different galactocentric distances. The incidence of exoplanets should 

decrease with increasing distance from the galactic center. This prediction is based upon two 

known relationships. The first is the relationship between the incidence of giant planets and 

stellar metallicity. The second is known as the radial metallicity gradient, which states a decrease 
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in stellar metallicity with galactocentric distance. Two target fields in the galactic midplane and 

at different galactocentric distances have been chosen for this comparison. 
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Chapter 1 

Introduction 

 

 

1.1 Background 

 The objective of this thesis project is to develop a method to study the incidence of extra-

solar planets in the galactic midplane. Future students will use the method of analysis described 

herein with the Ball State Observatory Parallax 20-inch telescope to continue this study. The 

original goal of this project was to both develop the method and perform the exoplanets search. 

Since the originally planned equipment was unavailable during the data collection phase, another 

instrument was used. Also, the data collected do not span enough time for a meaningful 

planetary transit search. These facts prompted the change in project focus. 

The SARA-S 0.6 m telescope was used for data collection. Located at the Cerro Tololo 

Inter-American Observatory (CTIO) in Chile, this is one of two telescopes operated by SARA 

(The Southeastern Association for Research in Astronomy), of which Ball State University is a 

member. The other telescope is located at Kitt Peak, Arizona. (“SARA”, 2015) These data were 

used to develop the data reduction and analysis pipeline. The change in focus also provided the 

opportunity to test multiple types of analysis programs and different types of potential software 

variables. 

Using the relationships that are discussed below, a simulation of the planned exoplanet 

search was conducted and is discussed in Chapter 2. Chapter 3 contains a description of the 

image data reduction process using IRAF. Chapters 4 through 6 describe the analysis programs 

that were used to analyze the data collected. These are pyDIA, which is used for difference 
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imaging analysis, VARTOOLS, and VaST. Chapter 7 contains information about the observations 

that were used. The results are presented in Chapter 8. These include results using each of the 

programs listed above. 

 

1.2 Radial Metallicity Gradient 

 A radial gradient exists in the midplane of the thin disk of the Milky Way Galaxy among 

the stars and interstellar gas (Frinchaboy et al., 2013). This is a relationship between the metal 

content of the population of stars/gas and the galactocentric distance. The metal content of a star 

is referred to as stellar metallicity and is often expressed as the logarithm of the ratio of the 

number abundance of iron (Fe) to hydrogen (H) relative to the sun. It is expressed as [Fe/H]. 

Although other elemental ratios are used in astronomy, in this paper [Fe/H] will be used when 

referring to stellar metallicity. As the galactocentric distance increases, this ratio tends to 

decrease. The distribution of chemical abundances is important for the study of galactic 

evolution (Prantzos, 2003).  

A number of studies have been performed in the past that confirm the existence of the 

radial metallicity gradient. Values obtained through empirical studies and other methods range 

from -0.01 to -0.09 dex/kpc (Cheng et al. 2011). This relationship has been studied recently by 

Frinchaboy et al. (2013) who found an overall metallicity gradient of -0.09 dex/kpc. The overall 

result mentioned above is the result of a fit of data taken from clusters past ~14 kpc. A steeper 

gradient of -0.20 dex/kpc was found for galactocentric distances < 10 kpc. Figure 1-1 contains a 

plot of the results of the study by Frinchaboy et al. Note that -0.09 dex/kpc is a fit for the entire 

set of data. This feature is studied using Classical Cepheids. They represent a good source of 

measurements because of their brightness, known distances and the ability to precisely measure 
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their metal content (Lemasle et al. 2008).  

 

Figure 1-1 Stellar metallicity is plotted versus galactocentric radius. (Frinchaboy et al., 2013) 

 

1.3 Stellar-Metallicity/Planet Incidence 

 The probability that a star hosts orbiting giant planets has been shown to increase with 

the metallicity of the star. The relationship between the incidence of planets and stellar 

metallicity was first proposed by Gonzalez (1997). In that study, the parent stars of several 

planets were observed to have unusually high metallicities compared to similar stars. Since then, 

this relationship has been reinforced and clarified by other studies. The functional form that was 

used for the simulation discussed later in Section 2.2, was developed by Fischer and Valenti 

(2005). The probability that a giant planet exists orbiting a star with a period shorter than 4 years 

is given by the function: 

 
𝑃𝑝𝑙𝑎𝑛𝑒𝑡 = 𝛼 × 10𝛽[

𝐹𝑒
𝐻
]
 (1-1) 

 

where [Fe/H] is the logarithm of the ratio of iron to hydrogen of the star in question. Note that 

this relationship holds for a range of metallicities from -0.5 to 0.5. Gonzalez (2014) constrained 

the values for the coefficients found in Equation 1-1 using a new metallicity index, [Ref]. In 

addition to iron, [Ref] uses the abundances of Mg and Si relative to the Sun. These values are α = 
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0.022 ± 0.007 and β = 3.0 ± 0.5. Figure 1-2 (from Gonzalez 2014) contains a histogram of the 

percentage of stars with planets according to metallicity. The fit curve corresponds to Equation 

1-1. A bin size of 0.1 dex is used. (Gonzalez, 2014) 

 

Figure 1-2 Histogram of the percentage of stars with planets according to stellar metallicity. 

(Gonzalez, 2014) 

 

1.4 “Hot Jupiters” 

 This study will rely on the detection of what are referred to as “hot Jupiters.” These are 

planets with masses on the order of Jupiter's mass and orbital periods as short as ~3 days. Due to 

their short orbital periods and sizes relative to their host stars, photometric transits of planets 

such as these are more likely to be detected during an observing session. The geometry and 

properties of planetary transits and their detection are discussed below. Bonfils et al. (2013) 

found that the frequency of hot Jupiter companions orbiting M dwarf stars is approximately 1% 
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or less. Note that this frequency is for planets with orbital periods between 1 and 10 days. 

The first exoplanet discovered orbiting a sun-like star was the giant, close-orbiting 51 Peg 

b. It has a semi-major axis of 0.052 AU and an orbital period of 4.2 days with a mass of 0.47 MJ 

(Mayor & Queloz, 1995; “Planet 51 Peg B,” 2015). Since then, a number of hot Jupiters have 

been found using the radial velocity and transit detection methods. Figure 1-3 contains a plot of 

planetary mass versus orbital period for currently confirmed exoplanets categorized according to 

detection method (data retrieved May 14, 2015). The hot Jupiters in this figure can be found in 

the upper left grouping between 1 and 10 days. This grouping of close-orbiting, giant planets was 

mainly detected via photometric transit. (“Exoplanet Plots,” n.d.) As of the writing of this paper, 

1903 exoplanets have been confirmed (“Exoplanet and Candidate Statistics,” n.d.)   

 

 

Figure 1-3 Confirmed exoplanet mass in MJ is plotted versus orbital period in days. 

(“Exoplanet Plots,” n.d.) 
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1.5 M-dwarfs 

M dwarfs are late-type stars on the HR diagram. These are cooler stars with surface 

temperatures of  < 4000 K and masses of < 0.6 Ms. The term “red dwarf” is also used due to the 

fact that they have peak wavelengths in the near-infrared part of the spectrum (Gray & Corbally, 

2009). The surface gravity can be used to distinguish M dwarfs from red giants and subgiants. 

This fact is important for the simulation discussed in Chapter 2. A surface gravity value of 

log(g) > 4.2 is used to separate M dwarfs from other stars (G. Gonzalez, personal 

communication, 2014). 

 

1.6 Interstellar Extinction 

 Interstellar extinction refers to the absorption and scattering of light from a star as it 

travels through interstellar space. It occurs mainly along the galactic midplane and is caused by 

dust that exists there. Interstellar extinction mainly affects observations in the visible spectrum. 

Near-infrared and longer wavelengths are impacted less (Bless & Savage, 1972). As discussed 

below, the experimental design of this study includes the use of an I-band filter to reduce the 

effects of extinction. It is also worth noting that the interstellar extinction within a given field can 

be estimated using the Galactic Dust Reddening and Extinction service.
1
 

 

1.7 Transit Detection Method 

 This study will rely upon the detection of planetary transits. A transit occurs when a 

planet’s orbit takes it between the observer and the host star. When this happens, some portion of 

the light observed is blocked by the transiting planet. The probability that this will occur is 

related to the radius of the host star and the semi-major axis of the planet. The orbital plane of 

                                                 
1
 http://irsa.ipac.caltech.edu/applications/DUST/ 
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the planet must be along the line-of-sight of the observer. That is, the orbital plane can have an 

angle (using the small-angle approximation) within the diameter of the star, 2R, divided by the 

semi-major axis of the planet, a. Within this range, the orbital plane can be rotated 2π degrees. 

Therefore, the total solid angle within which a transit can be observed is equal to 4πR/a. The 

probability, then, is out of a total of 4π steradian possible orbital plane positions. Therefore, the 

following expression, can be used for the probability of a transit. (Koch & Borucki, 1996) 

 
𝑃𝑡 =

𝑅

𝑎
 

(1-2) 

 

The change in brightness of the star is equal to the ratio of the cross-sectional areas of the planet 

and star (“Kepler: About Transits,” n.d.). Other considerations associated with the detection of 

transits are addressed in the chapter describing the simulation that was performed. 

 

1.8 Galactic Plane Studies 

 Two notable searches for exoplanets currently operating are SuperWASP and Kepler K2. 

The SuperWASP survey uses two instruments, one in the Northern Hemisphere and one in the 

Southern Hemisphere. Target fields are observed along a constant declination per night. It is 

noted that the galactic plane is avoided due to its crowded nature (Smith & The WASP 

Consortium 2014). Kepler K2 uses the instrument originally used for the Kepler mission to study 

targets along the ecliptic plane. Though some target fields are planned that are near the galactic 

plane, no targets are planned along the midplane. (Howell et al. 2014) 

 Studies of the galactic plane have been limited by interstellar extinction and crowding. 

One study, performed by Miller et al. (2010), used as its target a 0.25 deg
2
 field in the galactic 

midplane at galactic coordinates (l = 330.94, b = -2.28). Similarly to this thesis project, Miller et 

al. used difference image photometry software suited to crowded fields. Miller et al., though, 
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focused on the discovery of variable stars such as eclipsing binaries, RR Lyrae, etc. 

 

1.9 Difference Imaging 

 Difference imaging photometry was the first choice to use to analyze the reduced CCD 

images. In this method, a frame representative of the images with the best seeing of a data set 

(reference frame) is subtracted from each science image. Flux that remains in the difference 

images can then be analyzed for variability. The challenge of this method resides in the manner 

in which noise is taken into account. Different effects that must be considered include translation 

and rotation of the science image relative to the reference frame, variations in background, 

photometric differences due to the atmosphere or equipment, and discrepancies in the point-

spread function (PSF) between the images. (Bramich et al., 2013) 

 The matching of a reference frame to science images before subtraction is critical for the 

quality of the difference image. The solution to this problem was first proposed by Tomaney and 

Crotts (1996) and involved finding a convolution kernel such that, 

 I = R * K (1-3) 

 

where I is the target image, R is the reference image, and K is the convolution kernel; the “*” 

symbol denotes convolution. The kernel is obtained by using the ratio of the Fourier transforms 

of the target and reference images. This method fails near the edges of the point spread function 

where noise tends to dominate pixel values. 

 Alard and Lupton (1998) developed a method in which the convolution kernel consists of 

Gaussian basis functions to model the shape of the PSF. If K is expressed as a sum of functions 

and corresponding coefficients, Equation 1-3 can be treated with the least-squares approximation 

to find the basis function coefficients. The background signal was taken into account by adding a 
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polynomial that models the background to Equation 1-3. Alard (2000) described a method that 

considers a spatially varying kernel. 

 The method that was used for this project is implemented in pyDIA and uses a different 

approach to the development of the convolution kernel and is described in Bramich et al. As with 

Alard and Lupton, a model is developed that includes a convolution of the reference image with 

the convolution kernel and some function that represents the background. Equation 1-4 contains 

the notation used by Bramich et al.: 

 M(x,y) = [R*K](x,y) + B(x,y) (1-4) 

 

where M(x,y) is the model, B(x,y) is the background, and x and y are pixel coordinates. The 

kernel is expressed by the following equation: 

 

𝐾(𝑢, 𝑣, 𝑥, 𝑦) = ∑𝑎𝑞(𝑥, 𝑦)𝜅𝑞(𝑢, 𝑣)

𝑁𝜅

𝑞=1

 

(1-5) 

 

where 𝜅𝑞 are the kernel basis functions, 𝑎𝑞 are the coefficients, u and v are the kernel 

coordinates, and 𝑁𝜅 is the number of kernel basis functions. 

 Bramich et al. (2013) differs from previous implementations of difference image analysis 

by reducing the number of input parameters that are required. This is accomplished by requiring 

less knowledge of the noise contained within each science image and instead attempting to 

include this information within the model of the image. The set of parameters that are required 

by the software implementation is discussed below, in Chapter 4. 

 

1.10 Experimental Setup  

 The following is the setup for the future study that is mentioned in Section 1.1. Two 
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target fields have been chosen along the galactic midplane. The field sizes are 0.25 deg
2
. The 

galactic coordinates of the inner field are l = 61°, b = 5°. The outer field coordinates are l = 104°, 

b = 6°. An exposure length of 3 minutes will be used.  

For any student taking over this project in the future, the data will be collected using the 

Parallax 20-inch F8 telescope at the Ball State Observatory, in the Cooper Science Complex. It is 

equipped with an FLI 16 MP CCD camera and filter wheel. In consideration of the interstellar 

and atmospheric extinction, a broadband near-IR filter (similar to the I filter) will be used as 

well. This filter has a range of 7000 Å to 11000 Å.  
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Chapter 2 

Simulation 

 

 

2.1 Theory 

Simulations of the planned observations were produced to help predict how many transits 

should be detected during the actual observations. According to the experimental design 

described above and the associated theory, the simulation showed a smaller number of expected 

planet transits in the outer field compared to the inner field. 

A few established relationships were used to construct the simulations. These include a 

radial metallicity gradient in the thin disk, transit probability, and a frequency of planet 

incidence. The latter had to be introduced for the simulated stars. For this, Equation 1-1 was used 

as the functional form of the planet incidence-stellar metallicity relationship. The radial 

metallicity gradient was already included in the model that was used to produce the simulated 

fields. 

The simulated fields were produced using the Besançon Galaxy Model with an online 

interface. This model synthesizes the stellar population of the Galaxy at a specified age and is 

capable of producing simulated star fields for specified coordinates. The model adopts a radial 

metallicity gradient of -0.07 dex/kpc for the thin disk. Interstellar extinction is also modeled. 

(Robin et al. 2003) 

The Galaxy synthesis output does not include stellar radii. It does, however, contain 

stellar temperature, surface gravity, and metallicity. Torres, Andersen, and Gimenez (2010) 

developed the formulae that we used to calculate the radii. These are Equations 2-1 and 2-2 
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below. The effective temperature, given by the Galaxy synthesis, was used in Equation 2-1 to 

solve for the parameter, X. This was used in Equation 2-2 to calculate the stellar radius. Equation 

2-2 gives the logarithm of stellar radius based upon the surface gravity, stellar metallicity, and 

effective temperature.  

 𝑋 = log(𝑇𝑒𝑓𝑓) − 4.1 (2-1) 

 
log(𝑅) = 𝑏1 + 𝑏2𝑋 + 𝑏3𝑋

2 + 𝑏4𝑋
3 + 𝑏5log(𝑔)

2 + 𝑏6log(𝑔)
3 + 𝑏7 [

𝐹𝑒

𝐻
] 

(2-2) 

 

In Equation 2-1, 𝑇𝑒𝑓𝑓 is the temperature given by the Galaxy model. In Equation 2-2, R is the 

stellar radius, X is the parameter that is calculated in Equation 2-1, and g is the surface gravity of 

the star. 

 The semi-major axes that were used in Equation 1-2 were calculated for the planetary 

systems by the assignment of orbital periods. A fraction of 2/3 of the systems were assigned a 

period of 3 days (Fischer and Valenti, 2005). The remaining systems were randomly assigned 

orbital periods, uniformly ranging from 4 days to 10 days. Using units of years and solar masses, 

Kepler’s 3
rd

 law was used to find the corresponding semi-major axes: 

 𝑎3 = 𝑀∗𝑃
2 (2-3) 

 

where 𝑎 is the semi-major axis, 𝑀∗ is the stellar mass, and P is the orbital period. 

 A formula for the duration of a transit can be found in Equation 2-4 (“Kepler: About 

Transits,” n.d.; Kock & Borucki, 1996). 

 

𝜏𝑡𝑟𝑎𝑛𝑠𝑖𝑡 = 13𝑑√
𝑎

𝑀∗
 

(2-4) 

where d is the stellar radius. The transit durations were calculated for each of the expected 
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transits. 

 The amount of observing time necessary to detect a full transit is simply related to the 

orbital period of the planet. A ratio of observing time to orbital period can be used. If targets with 

orbital periods of 3 and 6 days are observed for 3 days, the probabilities of observing these are 1 

and 0.5, respectively.  

 

2.2 Method 

 The Model of stellar population synthesis of the Galaxy features a web-based interface. 

Using this, the desired input parameters were specified. Table 2-1 contains the input parameters 

that were used for the two field simulations. The “small field” option was used to specify a field 

of view. Galactic coordinates l = 61, b = 5 were chosen for the inner field. Galactic coordinates l 

= 104, b = 5 were chosen for the outer field. For the field of view, a solid angle of 0.25 square 

degrees was used for both fields. The extinction parameter was left at its default value of 0.700 

mag/kpc for the visual band. The parameters relating to spectral types and stellar population 

were left at their default values. To simulate the use of an I band filter, a value of “I” was used as 

the “Apparent magnitude passband”. The corresponding apparent magnitude interval of -7.00, 

18.00 was entered as well. 

The output of the stellar population synthesis is in the form of a text file. The header 

contains information relating to the parameters and modeling used to produce the stellar 

population. For the parameters that were used for the inner field, 25,925 stars were produced. 

14,082 stars were produced for the outer field. The output files were imported into Excel 2010 in 

space-delimited format; 18 different quantities were output for each star. Of these, the logarithm 

of the effective temperature, the logarithm of the surface gravity, stellar mass, and stellar 
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metallicity were used for the remainder of the analysis. 

Table 2-1 

    

Galaxy Model Input Parameters 

Parameter Value 

Photometric System UVB 

Form of the model simulation catal 

Kinematics without 

Field small field 

Longitude (degrees) 61/104 

Latitude (degrees) 5 

Solid Angle (square degrees) 0.25 

Absolute Magnitude -7.00, 18.00 

Apparent magnitude passband I 

I -7.00, 18.00 

 

 According to the experimental design, the transits that will be observed should be around 

M dwarf stars. These desired stars were selected from the synthesized sample. This was done by 

choosing only stars with log(g) values greater than 4.2, which excludes subgiant and giant stars. 

(Burrows, Hubbard, & Lunine, 1994; G. Gonzalez, personal communication, 2014) This step 

reduced the number of stars by about 40% in the case of the outer field and 48% for the inner 

field. 

 Planets were assigned to stars based upon the stellar metallicity output by the Galaxy 

model. Equation 1-1 was modified to take into account only planets with orbital periods less than 

10 days. Of the 105 planets in the sample analyzed by Fischer and Valenti (2005), 20 planets fit 

this criterion. The value of 0.03 of the coefficient alpha was multiplied by the ratio 20/105. The 

resulting probability density function that was used is Equation 2-6.  

 
𝑓 = 0.006 × 102[

𝐹𝑒
𝐻
]
 

(2-6) 

 

 A histogram was constructed and used with the probability density function to determine 
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the number of planets to assign and to which stars. Firstly, the stars were binned according to 

stellar metallicity. The frequency was then calculated for each bin's metallicity value. To 

determine the number of planets, an integer result of the product of the number of stars in each 

bin and the function value from Equation 2-6 was recorded. The resulting numbers of planets 

were then randomly assigned to stars within each corresponding bin.  

 As was discussed, the transit probabilities were found by using Equation 1-2, and 

Equations 2-1 and 2-2 were used to find the stellar radii. The values of the coefficients that were 

used in Equation 2-2 can be found in Torres et al. (2010). The semi-major axes of the planets 

were assigned by producing a probability function for orbital period. First, a random number, A, 

was generated between 0 and 1. If A < 2/3 then an orbital period of 3 days was assigned. If not, a 

random integer between 4 and 10 was assigned as the orbital period, in days. Then, these periods 

were converted to years. Kepler’s 3
rd

 law was then used to determine the semi-major axes based 

upon the periods in years and the stellar masses in units of solar masses. 

 Using the semi-major axes and the stellar radii determined using the procedure above, the 

transit probabilities were calculated for each system. A histogram was produced using a bin size 

of a 1% probability. A count of transits was then determined by multiplying the number of 

systems in each bin by the probability midpoint within each bin. The resulting transit frequencies 

were rounded to the nearest integer to indicate the presence of a transit.  

 The probability of actually observing these transits was the final main calculation 

performed for the simulation in which Equation 2-5 was used. The duration of a transit was 

calculated from Equation 2-4. 
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2.3 Analysis 

 Figures 2-1 and 2-2 contain histograms of the number of M dwarfs versus stellar 

metallicity. A bin size of [Fe/H] = 0.1 is used in these figures. 13491 M dwarf stars were 

generated in the inner field. For the outer field, corresponding to Figure 2-2, 8495 stars were 

generated. Based upon these stellar metallicities, the frequency of giant planets was calculated. 

Taking the nearest integer for the purposes of the simulation, 77 planets were found for the inner 

field, and 24 planets were found for the outer field. 

 

Figure 2-1 A histogram of the metallicity of the M dwarf stars in the inner field is plotted.  
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Figure 2-2 A histogram of the metallicity of the M dwarf stars in the outer field is plotted. 

 

 For these systems with planets, the transit probabilities were calculated. Histograms were 

produced for the number of systems versus transit probability. These can be found in Figures 2-3 

and 2-4 for the inner and outer field, respectively. A bin size of 1% transit probability is used. 

Note the definite decrease in the number of systems in Figure 2-4 when compared to Figure 2-3. 

Table 2-2 contains, for each transiting planet, the simulated orbital period, semi-major axis, and 

transit duration. Seven transiting planets were found for the inner field and two transiting planets 

were found for the outer field. 
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Figure 2-3 A histogram of the probability of a transiting planet is plotted for the inner field 

stars. 
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Figure 2-4 A histogram of the probability of a transiting planet is plotted for the outer field 

stars. 

 

Table 2-2 

  
  

  

Characteristics of Simulated Transiting Planets 

Inner Field       

Planet 

Orbital 

Period 

(yr) 

Semi-

major Axis 

(AU) 

Transit 

Duration 

(hr) 

1 0.0164 0.0635 4.53 

2 0.0082 0.0365 2.49 

3 0.0082 0.0367 2.51 

4 0.0082 0.0376 2.87 

5 0.0082 0.0406 3.35 

6 0.0082 0.0400 3.56 

7 0.0082 0.0422 4.28 

Outer Field       

1 0.0137 0.0527 4.38 

2 0.0082 0.0402 3.15 
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Chapter 3 

Image Reduction 

 

 

3.1 Software Environment and Requirements 

 The Image Reduction and Analysis Facility (IRAF) was used to perform the reduction of 

CCD images that were taken for this project. It is a system that contains many programs useful 

for reducing data, computing statistics, and plotting. IRAF was installed and run within the 

Ureka environment. Ureka contains many astronomy-related modules. It also provides a 

convenient way of installing software that is necessary for using IRAF and performing image 

reduction and analysis. This software includes, but is not limited to the following: CL, DS9, 

PyRAF, Python, xgterm, XImtool, CFITSIO. A complete list of the software contained within the 

bundle can be accessed at the Ureka webpage. (“Ureka Components,” 2015) 

Ureka requires a Linux or Mac OSX machine with at least 4.5 GB of hard drive space. 

During this project, Ubuntu 14.04 LTS 64-bit was used as the operating system. Note that Ureka 

and IRAF executables are 32-bit. Therefore, if a 64-bit system is used extra steps may be 

required before these programs can be used successfully. Instructions are available on the 

website for automatically and manually installing Ureka. It is important to note that Ureka 

should not be installed with root or elevated privileges. As is indicated on the Ureka website, 

users may experience permissions issues if it is. (“Installation,” 2015) 

After downloading and installing Ureka, it is necessary to run the command ur_setup to 

enter the environment from which IRAF and other software can be called. ur_test can be run 

from a terminal after ur_setup to determine whether or not the system has support for 32-bit 
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executables. If the test fails, the appropriate libraries can be installed by running the following 

command (“32-bit Support on 64-bit Linux,” 2015): 

 

sudo apt-get install -y lib32z1 lib32ncurses5 lib32bz2-1.0 

 

It was necessary to run this command to prepare the system that was used. If another operating 

system was used, the command used to install the necessary libraries may be different. 

  

3.2 IRAF Setup and Usage 

 After the Ureka setup program is complete, a home directory for IRAF can be created. 

This was created in the user home directory for convenience. In a terminal, within the Ureka 

environment, and within the new IRAF directory, the command, mkiraf, should be entered. This 

command prepares the directory and creates a new file called “login.cl”. After running the 

mkiraf command, a prompt will appear requiring the user to enter the name of the terminal 

program to be used with IRAF. In this case, xgterm was used. After entering the terminal type, 

the “login.cl” file will be created (Tody & Fitzpatrick, 1995). 

 The “login.cl” file should be edited before using IRAF. On modern versions of Linux, 

this file can be backed up and edited using a text editor outside of a terminal. Within “login.cl”, 

the home directory used by IRAF can be changed as well as other parameters. For this project, it 

was important to make a few specific changes to this file. The “stdimage” parameter was set to 

the size of the CCD images that were used with a value of “imt2048”. The image file type 

parameter, “imtype” was set to “fits”. Packages that can be used within IRAF can be pre-loaded 

using this file. Beneath the heading “# List any packages you want loaded...”, packages can be 

listed per line. If there are packages that a user uses often, placing their names here can decrease 
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the time used to start IRAF and configure it for use during a session. 

 The following is the procedure that was used to prepare to run a session of IRAF. To 

initialize the Ureka environment, the command ur_setup should be entered in a terminal. Then, 

within Ureka, DS9 and xgterm can be started by running the following commands: 

 

ds9 & 

xgterm -sb & 

 

Note that the ampersands are used to place the processes into the background and make the 

terminal available for running other commands. Note also that the -sb option after xgterm starts 

xgterm with a sidebar so that a user can use a mouse cursor to scroll through an xgterm terminal 

window. After these commands are entered, IRAF can be started. In the xgterm window, 

navigated to the IRAF home directory (the directory containing the “login.cl” file), IRAF can be 

started using the command, cl. 

 A list of package categories is displayed within the IRAF startup screen. For this project, 

many of the packages that were used were contained within the noao category. For example, the 

following path was used to access the packages related to CCD image reduction: 

 

noao>imred>ccdred 

 

It is necessary to load packages that contain the programs that are needed unless they have been 

preloaded. 

A command in IRAF can be run simply by entering the command. The command will 

prompt the user for parameters, input names and output names. A convenient way of running a 

command is to use the syntax, epar [command]. When epar is used, IRAF will display the 
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different parameters line-by-line which can be edited as a text document. The syntax to escape 

the text editor is a colon followed by characters that will issue instructions. For example, 

typing :go will save the current changes and run the command. VI documentation contains a 

complete listing of available options. After changes are made to a command's parameters, the 

command will retain these until the command unlearn [command] is used. 

 Before any reduction steps could be performed in IRAF, the image headers were edited to 

correct parameter values. Some of the CCD image reduction programs in IRAF require that 

relevant header parameters are of a specific format. This was performed using the ccdhedit 

command. This command accepts input in the form of a list, followed by the parameter to be 

changed, and the new value. The following is an example of the appropriate syntax. 

 

ccdhedit obj* [FIELD NAME] [NEW VALUE] 

 

Note that the wild card can be used to quickly select files based upon characters contained in the 

file names. 

In the case of the images that were used, it was necessary to modify the “IMAGETYP” 

parameter. Science images were given the value “object”, zero frames were given the 

value ”zero”, and flat field images were given the value ”flat”. If dark frames are taken and are 

needed during a project, the correct value for the “IMAGETYP” parameter would be ”dark”. 

Also, it was necessary to add a header parameter named “SUBSET” that was used to store a 

value associated with the filter used. The images that were reduced as a part of this project used 

B, V, and I filters. The appropriate “SUBSET” parameter value for an I filter image, for example, 

would simply be “I filter”. 

Having the correctly formatted values in the image headers also allows the use of the 
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ccdlist command. This command allows the user to easily create lists of images based upon 

filenames and image header information. For example, if it is necessary to create a list of 

“object” images, the following syntax can be used: 

 

ccdlist *.fits ccdtype=object 

 

3.3 Bias Correction 

 Bias corrections were performed as the first reduction step. The bias of a CCD image 

refers to the count offset introduced by the device's built-in amplifier. This offset prevents the 

occurrence of negative values in the resulting image. (Howell, 2006) In CCDs the bias is not 

constant in every pixel. It can also vary in time and across regions of the CCD chip. The effect of 

the bias is additive noise and must be corrected by determining the value of the bias and 

subtracting it from each pixel in an image (Birney, Gonzalez, & Oesper, 2006). 

 Two types of corrections can be used to correct the bias in each image. The first 

correction was made using the overscan region. The overscan region is a set of virtual columns 

or rows created by extra clock cycles being run by the control software (Birney, Gonzalez, & 

Oesper, 2006). This region is produced for every image and appears as a dark strip on the side of 

each image and contains information about the offset of the row or column at the time at which 

they are read out. The size of the region is set during the observing run as a number of columns 

to use. For the images used in this project, 20 columns were used in the overscan. 
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Figure 3-1 The overscan region can be seen on the right side of this raw, CCD science image. 

 

 The location and size of the overscan region can be confirmed visually in IRAF by 

displaying the image using the following command: 

 

display [image.fits] [#] 

 

where image.fits is the file name of the image and # is the frame number within DS9. A raw 

CCD image with an overscan strip on the right side can be seen in Figure 3-1. The CCD used is 

2048x2048 pixels with a 20 pixel wide overscan region that spands the height of the image. 

 After confirming the location of the overscan strip within the images, a number of rows 
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were plotted using the implot command in IRAF. Among other purposes, implot allows the user 

to plot the pixels values of a specified row or column. The full documentation for implot as well 

as any other command can be accessed directly within IRAF by typing help [command]. Within 

implot, a specific row or column was selected for plotting by pointing the mouse cursor at the 

desired element and typing l or c. A row or column can also be plotted by typing a colon and l or 

c, followed by the row or column number. For example, typing 

 

:c 2048 

 

instructs implot to plot the values of the pixels in column 2048. For the purposes of inspecting 

the overscan region, the plot should be expanded about the important area of the plot. This was 

accomplished by indicating the limits of the “viewport” with the mouse cursor and the e key. The 

lower-left corner is indicated first, followed by the upper-right corner.  

The overscan region was identified using implot by a drop in the counts from the real 

pixels to some lower average count. For example, the values contained within the overscan 

regions used in this project were on the order of 100 and found in the columns after column 

2048. Columns that were considered desirable for use for this procedure were found in a section 

with relatively little variation. Therefore, none of the columns near the drop-off were used. When 

the best range of columns was determined, the colbias command was used to apply the 

correction and to trim the overscan region from the corrected image. To return to the xgterm 

terminal, q was always typed to switch the focus away from the implot window. A sample 

implot window can be found in Figure 3-2. The columns near the overscan region have been 

plotted for line 1024. The vertical axis in in units of counts and the horizontal axis is in units of 

pixels. This plot is expanded near the edge of the image to show the overscan region, which can 
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be seen on the right side of the plot, in the region after column 2048. Implot can display 

coordinates and statistics for a specified pixel. This information is displayed in the lower left 

corner of the implot window. 

 

 
 

Figure 3-2 A sample implot plot is displayed above for line 1024 of a CCD image.  

 

 The program used to perform the overscan correction is called colbias and can be found 

in IRAF using the following path: 

 

noao.imred.bias 
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This command takes a list of images or a single image as input, performs the correction and 

outputs a corrected image. It contains parameters for specifying the section of the images to be 

used in the correction and the columns and rows to keep as the corrected image. Colbias 

produces a function that is based upon how the overscan value changes across lines in the image. 

The overscan value can be specified by the “median” parameter as the median or average of 

columns. The resulting function is then subtracted from the image. 

 Other options in colbias include the ability to choose the order of the function, sigma 

rejection parameters, and whether or not to interactively fit the functions. The latter option was 

used for a few images of each set of images. Some additional commands were necessary for 

working within the interactive fitting window. This was again accomplished using implot. In the 

interactive fitting window, a plot of the function is superimposed on a plot of the image. By 

default, the function curve is the same color as the image plot. This can be changed by using the 

command, 

 

:color [1-9] 

 

After such a change is made, the plot needs to be redrawn by typing r. The order of the function 

can also be changed within the implot window by using the syntax, 

 

:order [#] 

 

 After performing this for a few images to ensure that the function fitting was being performed 

correctly, the corrections were allowed to continue automatically for the remainder of the 

images. 

 It should be noted that, for every step in the reduction process, a new copy of the image 
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should be made. Therefore, a separate image is made at each stage of the process. A convenient 

method of creating a new file from the current command being is to add a character to the 

original filename that would indicate the last step that had been performed. For example, the 

filename “L61b5-i120.fits” was given to a command in the input field and the output file was 

changed to the filename “oL61b5-i120.fits” by using the syntax, “o//L61b5-i120” in the output 

field. This can be used with a number of files by using the wildcard, *. 

 The results of a reduction step were always checked by visually inspecting the resulting 

images and by plotting some rows and columns and checking counts. For the visual inspection, 

DS9 was used by displaying an image using the display command. A quick check of the pixel 

counts can be made by pointing the cursor at a pixel and checking the “Value” field in DS9. The 

images were also plotted and checked in the same manner that was previously mentioned. In 

both of these cases, for the overscan correction step, the counts were all on the order of 100 

lower than the uncorrected images. It is important to note here that it is IRAF's default behavior 

to append records of reduction steps to the output image headers. For example, the following 

record was written to the header after the image was output by the colbias command: 

 

OVERSCAN= 'Jun 9 15:49 Overscan section is [2051:2068,1:2048] with mean=123.29 

 

 The second type of correction that was used to remove the bias was the zero correction. 

During the observing runs, a number of bias frames were taken. These images were produced 

using an exposure time of zero seconds and were taken with the camera shutter closed. Where 

the overscan is useful for determining the offset of a line of pixels, the bias frames are useful 

because they contain information about the pattern of bias across the CCD (Birney, Gonzalez, & 



30 

 

Oesper, 2006). 

 Before the zero correction can be performed, a master zero frame must be prepared. This 

is performed by using the zerocombine command in IRAF. Zerocombine can be found in the 

noao.imred.ccdred package. This command combines the bias frames that are taken during an 

observing run. For this project's data, the “reject” parameter was set to “minmax” so that the 

command rejected the minimum and maximum pixel values. The “combine” parameter was set 

to “median” so that the median of the pixel values, after the rejection step, was used as the 

method of combining the frames. All of the other parameters were left at their default values. 

 After the combined zero frame is produced, an overscan correction is applied to remove 

the overall bias. This leaves the bias pattern that exists across the CCD. The resulting image is 

referred to as the master zero. To check the master zero before it is used, it should be inspected 

visually and statistically. Statistics of the image file can be computed by running the command 

imstat. Imstat can be configured to display a number of statistics. This command's default 

parameters were modified to include the statistics, mean, midpoint, mode, minimum pixel value, 

maximum pixel value, and standard deviation. Imstat can also be used to compute the statistics 

of a range of rows and columns or both. By using the following command, for example, the 

statistics for the four pixels at one corner would be printed. 

 

imstat Zero[1:2,1:2] 

 

After the overscan correction using the colbias command, the median of the master zero frame 

should be close to zero. 

 The master zero is subtracted from all object and flat frames to remove the bias pattern. 

This step is performed using the ccdproc command. Ccdproc includes commands to perform 
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many CCD reduction steps. In addition to running individual steps, the command is designed to 

perform a number of steps automatically. For the purpose of analyzing the results of each 

intermediate reduction step, though, this command, when used, was only used for one step at a 

time for this project. 

 Bias correction using the master zero frame simply subtracts the frame, by pixel, from the 

image being corrected.  As before, the parameters that are not mentioned here were left at their 

default values. Firstly, the “ccdtype” parameter is set to “flat” or “object” depending upon the 

type of images that were being processed. Note that this is not necessary if the filenames of the 

target images are specified. The “zerocor” switch should be set to “yes”. The master zero is 

specified in the “zero” parameter field. When checking the results, the resulting images of the 

previous step are compared. Since the median of the master zero should be close to zero, the 

difference in counts between the two images should not be great. The sets of images were 

compared visually in two DS9 windows. Using this method, the bias pattern was visible and 

could be checked for removal. Also, imstat was used to confirm that the statistical measures 

were different and that the standard deviation for the corrected image was lower. 

 

3.4 Flat Field Correction 

 Another step necessary to calibrate CCD images also pertains to the physical 

characteristics of the equipment but is not limited to the CCD. Each pixel of a CCD chip has 

slightly different gain. Gain is defined as the number of electrons per number of counts read. 

Therefore, during an exposure the pixels will not respond uniformly to light. Also, the lenses, 

mirrors, and filters cause the light incident upon the CCD to be non-uniform. These effects cause 

multiplicative noise across the CCD. The method of correcting this type of noise involves 
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obtaining a representative image of these effects caused by the CCD and optical elements 

(Birney, Gonzalez, & Oesper, 2006). 

 A couple of prominent effects that are corrected by flat field correct are caused by dust 

particles and the optical path itself. Dust particles cause donut shapes in the image. The optical 

elements can cause vignetting that can be seen on the edge of the image. These effects can both 

be seen in Figure 3-3. An example of a “donut” is most noticeable in the lower right corner of the 

image.  

 A number of exposures using uniform illumination are necessary to correct for these 

effects. This involves using a light source that is of uniform brightness. The twilight sky was 

used in this project. A set of a number of flat frames were taken during an observing session for 

each filter that was used. These are taken spatially offset so that each is of a slightly different 

part of the sky and images of any possible stars in the field do not fall on the same pixels. Also, 

the exposure times are adjusted as necessary to produce similar counts for each image, typically 

between 30,000 and 50,000 counts. It should be noted that the window of opportunity during 

which the conditions are ideal for taking twilight sky flats is relatively short. 
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Figure 3-3 This raw V image illustrates two effects that are corrected by flat field correction.  

 

 The image that is used to correct for the illumination and pixel-to-pixel sensitivity 

variations is a combination of the flat field exposures. The flat frames are combined using IRAF 

CCD reduction software. One master flat is made for each filter and then normalized. After 

normalization, the resulting image has a median value very close to 1. Finally, the correction is 

made by dividing the object image by the normalized master flat obtained with the same filter. 

 The flat field frames were combined using the flatcombine command. This command 

can be found, again, in the noao package using the following path: 

 

noao.imred.ccdred 
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The flat frames were named according to the filter used. These were specified in the input field 

using a wildcard to include all files of a specific filter. For example, the following included all of 

the B filter flat frames in the command. 

 

input = flatb.0* 

 

“median” was used as the combination method in order to eliminate cosmic rays and stars.  

“avsigclip” was used as the type of rejection. Note that the read noise and gain of the CCD that 

was used were specified in the “rdnoise” and “gain” parameters. These were obtained from the 

documentation of the CCD. The use of the “mode” of the images as the scaling method 

eliminated these cosmic rays and stars in the final image. To check the results, the combined 

images were examined for any stars that may have been present during exposure. A sample set of 

parameters for flatcombine can be found in Appendix A. 

 After flatcombine was used, the resulting images were normalized. This was done using 

the mode of each image, which was computed using imstat. Then, each pixel in the image was 

divided by this number using the imarith command. Imarith is part of the package, 

images.imutil. It is sometimes more convenient to use this command directly in the command 

line by entering the appropriate values at each prompt. As with other commands, it is possible to 

use epar to modify the command's parameters as a text document as well. The results of this step 

were checked by running imstat for each master flat. The median of a master flat should be 

equal to 1. 

 The correction of object frames was performed using the “flatcor” function within 

ccdproc. Since the effects being corrected using the flat frames are multiplicative, the object 

images were each divided by the master flats. Ccdproc automates this process for every object 
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image. This command was run once for each filter. To check the corrections that were made, 

DS9 was used again to visually inspect the results and compare them to the uncorrected images. 

 

3.5 Fringe Correction 

 Fringing is a type of systematic, additive noise. It is caused by the interference of light 

waves with those that reflect off of the CCD or pass through and reflect off of the back of the 

chip; it occurs only in thinned, back illuminated CCDs. Emission lines at wavelengths of 800 nm 

and greater are mainly responsible for this effect (Meinel, 1950). For this reason, the effect is 

responsible for fringing noise only when filters in the near-IR region of the spectrum are used. 

For example, fringe correction was necessary for the I-band science images taken during this 

study but not for images created using other filters (Howell, 2006). 

The dominant source of this light is the emission from OH in the atmosphere (Meinel, 

1950). Due to the dynamical nature of the atmosphere, the patterns that are produced in 

exposures can vary even during an observing session. For this reason, several exposures should 

be taken during the session. These should be of sparse fields and of the same exposure time as 

the object images. These can then be used to create a fringe correction frame. They should be 

combined using the median or mode. The fringe correction frame can then be subtracted from the 

science images. Note also that the brightness of the emissions may change during the night. 

Therefore, it may be necessary to scale the fringe images (Birney, Gonzalez, & Oesper, 2006). 

The procedure that was used to remove fringing from the science images follows. 

  The procedure used to correct fringing includes the selection of the images that were 

most suitable for combination, combination of the images, the preparation of the combined 

image, and the removal of the effect from the science images. For the first step, some of the 
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images that were examined were taken specifically to correct for fringing. However, other object 

images were also considered if the fields within these were sparse enough. This step required 

visually inspecting the images to determine their suitability. 

 After the fringe correction images were chosen, they were copied to a separate 

workspace. An input list can be created easily by using the following: 

 

files *.fits > images.list 

 

where files lists the contents of a directory, *.fits filters the output of files, > redirects the output 

of files, and images.list is the document into which the output is redirected. 

Imstat was used to find the highest count of the images. A document can be given to a 

command as an input list using the following syntax: 

 

imstat @ images.list 

 

The highest pixel value of the fringe correction images was located in the output of imstat. All 

of the images were normalized to this value using Equation 3-1. 

 
𝑖𝑚𝑎𝑔𝑒 × (

𝑜𝑣𝑒𝑟𝑎𝑙𝑙𝑚𝑎𝑥𝑖𝑚𝑢𝑚𝑣𝑎𝑙𝑢𝑒

𝑖𝑚𝑎𝑔𝑒𝑚𝑎𝑥𝑖𝑚𝑢𝑚𝑣𝑎𝑙𝑢𝑒
) = 𝑖𝑚𝑎𝑔𝑒𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 (3-1) 

 

This operation was performed by calling imarith for each image and using that image's highest 

value taken from the earlier imstat output. 

 Imcombine was used to combine the normalized images. The following parameters were 

used for this command. The “average” combination method was used with the “minmax” 

rejection type. “lthresh” and “hthresh” were used to specify low values and high values, below 

and above which a pixel value was not used. These threshold values were applied to the input 

images before the rejection, scaling, and combination steps were performed. The low threshold 



37 

 

value was set to a value of 0. The high threshold value was set to the value of the highest pixel 

value plus 200.  (“Reduction Process,” n.d.) Equations 3-2 and 3-3 determine the number of low 

and high pixels that are rejected when “minmax” is used as the rejection method. This method 

uses the parameters “nlow” and “nhigh”. 

 
𝑛𝑙 = 𝑛 ×

𝑛𝑙𝑜𝑤

𝑛𝑖𝑚𝑎𝑔𝑒
+ 0.001 (3-2) 

 
𝑛ℎ = 𝑛 ×

𝑛ℎ𝑖𝑔ℎ

𝑛𝑖𝑚𝑎𝑔𝑒𝑠
+ 0.001 (3-3) 

 

In Equations 3-2 and 3-3, nl is the number of low pixels that are rejected, nh is the number of 

high pixels that are rejected, nlow is the parameter for the low pixel ratio, nimages is the number 

of input images, and n is the number of pixels in each image. In this program, the resulting ratio 

is an integer and is converted by the addition of the small number. “nlow” was set to a value of 0, 

meaning that no low pixels values were rejected by this algorithm. The “nhigh” parameter was 

set to 1 less than the number of images that were being combined. In this case, for example, the 

parameter value was “8”. Therefore, a large ratio of 8/9 of the number of pixels was rejected for 

combination. The “nkeep” parameter is used by the other types of rejection algorithms. 

(“imcombine,” n.d.) 

 The combined image was then processed by the mkfringecor program. Mkfringecor 

takes an image or a list of images and produces an output image containing the isolated fringe 

pattern. The background of the image is determined by a smoothing algorithm that uses a moving 

average. The average is determined over a two-dimensional rectangle of dimensions that are 

specified by the user. The area used to calculate the average changes from a smallest size near 

the edges of the image to the largest size at the center of the image. Objects in the image are 

removed by a sigma clipping algorithm. The rms of the background is calculated relative to the 
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image and used in low and high threshold parameters. If a pixel value exceeds the rms times the 

specified factor, it is removed. (“mkfringecor,” n.d.) 

 During the reduction process, the default values for mkfringecor were used. The 

“xboxmin” and “yboxmin” parameters were set to “5”, meaning that the minimum x coordinate 

width was 5 pixels. The “xboxmax” and “yboxmax” parameters were set to “0.25”, or, a quarter 

of the size of the entire image. The “lowsigma” and “highsigma” parameters were both set to 

“2.5”. The “ccdtype” and “ccdproc” parameters were not used and left blank. 

 

Figure 3-4 A histogram of the output from mkfringecor is plotted. The vertical axis 

represents the number of pixels.  
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 The output of mkfringecor was then trimmed using the imcombine command again. 

This was done to ensure that as little information other than the fringe pattern as possible 

remained. The imhist command creates a histogram for the number of pixels versus pixel value. 

Most of the pixels should be near zero where negative and positive values make up different 

parts of the fringe pattern. Pixels values with absolute values greater than the value at which 

1000 pixels reside were removed. Each time a fringe correction image is produced, it should be 

examined using the imhist command. The imcombine command can then be used to perform the 

trimming by setting the low and high threshold parameters to the low and high pixel values 

determined using the histogram. Figure 3-4 contains a sample imhist output for the output from 

mkfringecor before trimming. The pixels are binned according to pixel value and the vertical 

axis represents the number of pixels (“Reduction Process,” n.d.). Figure 3-5 contains a plot 

produced using imhist for the final fringe correction frame that has been trimmed using 

imcombine. The image has been trimmed to when the number of pixels per value exceeds 

approximately 500. Again, the pixels are binned according to pixel value. 

 The actual fringe correction is applied using ccdproc again. In ccdproc, all of the 

switches were set to “no” except for the “fringec” switch. The name of the fringe correction 

image was given in the “fringe” field. Ccdproc then corrected all indicated images by 

subtracting, per pixel, the fringe correction image from each object image. Figure 3-6 contains an 

object image with obvious fringing. Figure 3-7 contains the same object image after fringe 

correction has been applied. The resulting images should be checked visually to confirm the 

correction. Also, the statistics of the corrected images should be checked. Ideally, the change in 

the mean and other measures should be very small. 
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Figure 3-5 A histogram of the fringe correction frame is plotted.  
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Figure 3-6 An I-band image from the observing sessions illustrates obvious fringing. 
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Figure 3-7 This image is the same as the one in Figure 3-6 after fringe correction has been 

applied. 
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Chapter 4 

pyDIA 

 

 

4.1 Background 

 

 pyDIA is a computer implementation of the difference imaging technique described in 

Bramich et al. (2013), (Albrow, 2015). It is written primarily using Python and implements the 

pyCUDA module. This allows the use of CUDA (Compute Unified Device Architecture) 

architecture, where available. The pyDIA software performs difference imaging and photometry 

for a set of images. It is optimized for use with a CUDA-compliant GPU. A machine is available 

in the astrophysics lab at BSU that contains the hardware necessary to run the optimized version 

of the software. As of the writing of this guide, only one GPU per run of pyDIA can be used. A 

run can be manually assigned to a specific GPU; 4 GPUs total are available. A separate run of 

pyDIA can be assigned to each of these. The GPU version of the software is many times faster 

than the CPU-only version. 

 

4.2 Software Requirements 

 pyDIA was tested on Ubuntu 14.04 and 15.04. A number of software and Python 

packages are required by pyDIA. These are Python 2.7 with the packages Numpy, Scipy, Astropy, 

pyraf, and PyCUDA. Numpy is a Python package that provides, among other capabilities, 

modules related to linear algebra (van der Walt, Colbert, & Varoquaux, 2013). The SciPy library 

contains a number of numerical modules that are used by pyDIA (Jones, Oliphant, & Peterson, 

2001). Astropy is a package that provides functionality related to FITS file input/output, handling 
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of units, coordinates, and other astronomy-related functions (Astropy Collaboration, 2015). 

PyRAF provides a way to run IRAF commands using Python scripts (“PyRAF,” n.d.). For the 

GPU version of pyDIA, PyCUDA and CUDA are required. PyCUDA allows the use of the Python 

language to interface with the CUDA API (Kloeckner, 2015). CUDA allows the use of the 

processing cores in a GPU to perform many computations in parallel (Nvidia, n.d.). 

 The requirements listed above can be installed separately or as a part of an astronomy-

related software environment. Ureka provides all of the above requirements except for pyCUDA 

and CUDA (Slocum et al., 2015). The CPU version of pyDIA was tested using Ureka. The GPU 

version was used with the software above installed separately. PyDIA can be installed simply by 

unpacking the tar file in a convenient location and then running “make” within the pyDIA 

directory. (Albrow, 2015b) 

 

4.3 Hardware 

 The resources available in the BSU Astrophysics Lab include a machine with 4 CUDA-

compliant GPUs. Therefore, separate scripts were run on 3 or 4 of the GPUs, simultaneously. In 

the BSU Lab 24 logical CPU cores are available for non-GPU portions of pyDIA and other tasks. 

The analysis software VARTOOLS, for example, is capable of parallelization of tasks. 

 The run time of a script that includes image subtraction and photometry varies with the 

input data and input/output parameters. An example is a script that uses second degree 

polynomials for the model, 3 iterations for the kernel computation and 3200 stamps for kernel 

fitting. This script was used with an input data set of 97, 2048x2048 pixel FITS images. The total 

run time was approximately 8 hours and 51 minutes. The three parameters mentioned above 

significantly affect run time. 
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 PyDIA uses less than 1 MB after it has been unpacked and built. Attention should be paid 

to the input and output image sizes, though. The output images will use about 8 times the size of 

the input images. For example, the 97 images mentioned above use approximately 1.6 GB of 

space. The output, therefore, requires about 13 GB. 

 

4.4 Input 

 PyDIA accepts a set of FITS images as input. One of the fields that pyDIA reads from the 

FITS header is the Julian date as a number without any other characters. The keyword for the 

header field in which the Julian date is stored is specified in the pyDIA run script as an input 

parameter. The output images from SARA-S that were used in this thesis project, however, 

contained non-numerical characters in the Julian Date header field. A script was written using 

Python to access the Julian date field of a FITS file (J_DATE), truncate the value to exclude all 

information besides the date, and write the new value back into the header. The astropy.io.fits 

package was required to access and modify FITS headers. This script was automated for all of 

the FITS files that required editing by using a simple Bash scipt. These scripts can be found in 

Appendix B. 

 A sample script is included in pyDIA's documentation. Most of the input and output 

parameters contained within must be modified to suit the particular data set being analyzed. A 

sample script file with parameters that have been used in one run can be found in Appendix C. 

Firstly, the environment should be specified at the top of the script file using the following 

syntax: 

 

#!/usr/bin/env python 
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This line searches for the Python interpreter in the PATH environment variable in Linux systems 

(“Using Python on Unix platforms,” 2015). The CPU or GPU version of pyDIA is chosen next by 

importing the desired version of the “DIA” module. The data and reduction parameters are then 

specified. 

 The data parameter defaults are stored in “Data_Parameters()” within the “DIA” module. 

These parameters must be specified according to the input data. The “gain”, “readnoise”, 

“pixel_min”, “pixel_max”, “hwhm”, “name_pattern”, and “datekey” parameters are defined in 

this section. The gain and read noise are available in the instrument documentation. The 

maximum and minimum pixel values should be determined by examining the input images. The 

half width at half maximum in pixels is also determined from the input images. The 

“name_pattern” parameter is a convenient way of specifying the desired group of input files. A 

fits header keyword is specified in the “datekey” parameter. (Albrow, 2015b) 

 The reduction parameter defaults are stored in ”Reduction_Parameters()” within the 

“DIA” module. These parameters contain a number of switches and parameters that are used in 

modeling the input images. Switches include “do_photometry”, “cr_clean”, “use_stamps”, 

“subtract_sky”, “convolve_images”, and “use_GPU”. If the “do_photometry” switch is set to 

false, the difference images will be produced but no measurements will be made. The “cr_clean” 

switch is used to specify whether or not cosmic ray removal is performed. If “use_stamps” is set 

to “True”, a specified number and size of “stamps” are used when determining the convolution 

kernel. “subtract_sky” is used to subtract the background. “convolve_images” is used if the user 

wishes to blur the images before performing difference imaging. The “use_GPU” switch simply 

tells pyDIA whether or not the CUDA-enabled version is to be used. (Albrow, 2015b) 

The other reduction parameters that should be mentioned here are the “pdeg”, “sdeg”, 
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“bdeg”, “nstamps”, “sky_degree”, “iterations”, “loc_data”, and “loc_output” parameters. The 

“pdeg”, “sdeg”, and “bdeg” values are the degrees of the polynomials that are used to model 

each input image. “nstamps” is the number of stamps used to compute the kernel. “sky_degree” 

is the degree of variation of the background that is subtracted if the “subtract_sky” switch is set 

to “True”. It is possible to set the number of iterations that are used to compute the kernel using 

the “iterations” parameters. This parameter is set to 4 by default. The “loc_data” and 

“loc_output” parameters are used to specify the location of the input data and output directory, 

respectively. A full list of the available input parameters is available in the pyDIA 

documentation. (Albrow, 2015b) 

 

4.5 Usage 

 The computer that was used for this thesis project is accessed remotely using an SSH 

connection. After a user account has been added to the Astrophysics Lab, the lab can be accessed 

by using the following command in a terminal: 

 

ssh username@computer.bsu.edu 

 

“computer” is the name of the machine that is visible outside of the bsu.edu network. 

 If the user requires the use of graphical information to be available through the ssh 

connection, the -X option can be used. This option enables the forwarding of the X11 window 

system through the secure connection. The following is an example of how it is used: 

 

ssh -X username@computer.bsu.edu 

 

With X11 forwarding, it is possible to view output images from pyDIA. 
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 After logging in to the lab, a work folder should be created in a convenient location that 

will contain pyDIA scripts and output folders. It will be necessary to log into the lab an then the 

CUDA-compliant machine. The input data set and the pyDIA scripts should then be moved into 

this workspace directory. An output directory should also be prepared and specified in the 

“loc_output” directory. 

 A script should be prepared for a run of pyDIA by modifying parameters and specifying 

the input and output directories. The script can be opened using Emacs if X11 forwarding is 

used. If not, a script file may be quickly edited within the terminal using VI. 

 Before a script is run, the GPU must be specified. GPUs are assigned CUDA designations 

0, 1, 2, and 3. The current CUDA device can be set using the export command: 

 

export CUDA_DEVICE=1 

 

To confirm the setting, entering printenv will display the current environment variables. A log 

was kept to track which GPUs had scripts running. This helps to prevent a single device being 

assigned multiple scripts. 

 After the CUDA device is designated, the Python script can be run simply by using the 

syntax: 

 

python script.py 

 

If the script is run in this manner, the standard output (stdout) and standard error (stderr) will be 

printed in the terminal being used. Due to the potentially long run times of pyDIA, this may not 

be desirable. Also, any information from stdout or errors will not be saved. It is possible to 

redirect stdout and stderr to a file that can be viewed later. It is also possible to place the process 
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in the background so that the shell can be used while the process runs. Both of these options are 

used in the following command: 

 

python script.py > script_output 2>&1 & 

 

where > will redirect the stdout to the file “script_output”. The symbols, “2>&1”, have the 

effects of directing the stderr to “script_output” and placing it in the background. The final 

ampersand places the command in the background. 

 A final note should be made about running scripts remotely. If a terminal is used to run a 

script, the process will be lost if the shell exits for any reason. Therefore, the user may desire to 

use the disown command to detach the process from the current shell. A list of current jobs 

running in the shell can be accessed by entering the command, “jobs”. Each job can be identified 

by a number in the left-most column. The following syntax can then be used to disown a job: 

 

disown %[jobid] 

 

4.6 Output 

 pyDIA produces a number of different output files. These include various images related 

to the difference imaging process and files that contain photometry measurements. The reference 

image, “ref.fits” is a combination of the input images with the best seeing. The “Ref.flux” file 

contains the flux measurements taken from the reference image. The model images, denoted by 

an “m_” prefix, are produced by Equation 1-4 where the kernel is computed for each image. The 

“Ref.mags” file contains important information about each star. The columns, from left to right, 

are index, x CCD coordinate, y CCD coordinate, reference magnitude, sharpness, and χ. The 
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CCD coordinates refer to the centers of each star in the reference frame. The reference 

magnitudes that are listed are based on the instrumental flux measurements. The sharpness is a 

measure of the “peak” of the star relative to the PSF. The χ values measure how well each star 

fits the PSF (M. D. Albrow, personal communication, June 9, 2015). 

 All of the flux files contain two columns, a flux measurement column and a column for 

the associated error. Each line of a flux file corresponds to the coordinates values contained on 

the same line number in the ref.mags file. One flux file contains all of the measurements 

corresponding to one input image. The measurements are differential fluxes. This means that 

they are fluxes measured from the difference image that is produced by subtracting the model 

image from the target image. The error associated with each flux measurement is related to the 

uncertainty in fitting the PSF model to each pixel (M. D. Albrow, personal communication, 

October 19, 2015). 

 

4.7 Unit Conversion 

 As was mentioned, all of the measurements that are made by pyDIA are instrumental. The 

goal of this step is to be able to compare the light curve amplitudes output by pyDIA to the 

calibrated light curves output by VaST. The light curves that were selected for comparison were 

converted to differential magnitude using a spreadsheet. The differential fluxes were first added 

to the reference flux to obtain the total flux for each time step. The fluxes were then converted to 

differential magnitudes by the following equation: 

 
Δ𝑚 = −2.5log10 (

𝐹1
𝐹2
) (4-1) 

 

where F1 is the flux at a time step and F2 is the reference flux. The errors were converted from 

flux units to magnitude by using the equation, 
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𝜎𝑚 =

2.5

ln(10)
×
𝜎𝐹
𝐹

 (4-2) 

 

where σF is the uncertainty in measured flux and F is the instrumental flux.  
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Chapter 5 

VARTOOLS 

 

 

5.1 Installation  

 VARTOOLS is a collection of astronomy-related programs that are used to analyze light 

curves (Hartman et al., 2007).
2
 It is capable of running a series of statistical and/or processing 

commands on a single or a list of light curves. It is also capable of processing light curves in 

parallel. VARTOOLS is implemented using single commands or scripts. 

 VARTOOLS is compatible with Unix-based operating systems. Although there are some 

required programs that are not available on most systems by default, these are for specific 

features that were not used for this thesis project. The installation process consists of unpacking 

VARTOOLS in a convenient location and typing “make”. 

 

5.2 Basic Usage 

 The default input light curve format of VARTOOLS is a space-delimited file with JD as 

the first column, magnitude as the second and magnitude error as the third. This format can 

easily be changed using the command -inputlcformat with a list of new variables and columns. 

For example, to specify a new column for the FWHM, the following would be used: 

 

-inputlcformat t:1,mag:2,err:3,fwhm:4 

 

where the numbers are column numbers that correspond to the variable. If a list of light curves is 

                                                 
2
 http://www.astro.princeton.edu/~jhartman/vartools.html 
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used, the first column is the filename of the light curve followed by any other information that 

may be needed by other commands. The basic syntax that VARTOOLS uses is: 

 

./vartools -l lc_list -(options) -command1 (parameters) -command2 (parameters) 

 

 In general, VARTOOLS will only output a table that contains information related to the 

commands that were issued. VARTOOLS needs to be told specifically to save the results from 

any command. The -o command will save the current light curves at any point during a string of 

commands. It is therefore possible to run many commands in series on the same set of light 

curves but save a copy of the light curves to different directories after each individual command. 

 

5.3 Programs 

 The programs that were used for this project are Alarm, BLS, Clip, Linfit, and TFA. Alarm 

provides the “alarm” statistic, which is a measure of the variation of a light curve. The statistic is 

actually a goodness-of-fit measure that was originally developed to test solutions of eclipsing 

binary light curves (Tamuz, Mazeh, & North, 2006). This statistic, though, can also be used to 

indicate variability in a signal. Alarm is invoked by the command, -alarm. Its output is a table 

consisting of a light curve name and its alarm value per line. Alarm is defined by Equation 5-1 

 

𝐴 =
1

χ2
∑(

𝑟𝑖,1
𝜎𝑖,1

+
𝑟𝑖,2
𝜎𝑖,2

+⋯+
𝑟𝑖,𝑗−1

𝜎𝑖,𝑗−1
+
𝑟𝑖,𝑘𝑖
𝜎𝑖,𝑘𝑖

)

2

− (1 +
4

𝜋
)

𝑀

𝑖=1

 (5-1) 

 

where “ri,j is the residual of the jth measurement of the ith run”, σi,j is the corresponding 

uncertainty in each residual, ki is the number of residuals in run i, and χ
2
 is defined by Equation 

5-2. M is the total number of runs. A run is defined as a series of residuals with the same sign. 
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The minimum value of the sum in Equation 5-1 is χ
2
. Therefore, the minimum A value is -4/π. 

(Tamuz, Mazeh, & North, 2006)  

 

χ2 =∑(
𝑟𝑖
𝜎𝑖
)
2

𝑁

𝑖=1

 (5-2) 

 

 Clip is a program that applies sigma clipping to a light curve or list of light curves. This 

was used for the pyDIA output to eliminate outlying data points which seem to be introduced by 

pyDIA. These outliers were obvious in visually inspected light curves. A value of “3” was given 

for the “clipping factor” with an iterate value of “1”. This means that the any data point outside 

of 3 standard deviations was removed. The iteration value tells the command to make a pass 

through the light curve. Below is a sample -clip command: 

 

-clip 3. 1 niter 1 

 

where “3.” is the clipping factor, the following “1” is the switch that activates iterative clipping, 

“niter” is a keyword that sets a defined number of iterations, and the final “1” is the number of 

iterations to perform. If the “niter” keyword is omitted, the program will continue to iterate until 

no more data points remain outside of the clipping factor. (“VARTOOLS,” 2015) 

 Systematic trends are patterns that occur in multiple different light curves. They can be 

caused by a number of issues that include a change in seeing and airmass during observations. 

Two programs were used to address systematic trends in pyDIA-produced light curves. These are 

Linfit and TFA. Linfit is a program that “fits a function that is linear in its free parameters to each 

light curve.” (“VARTOOLS,” 2015) This was used to remove a FWHM correlation that existed 

in the pyDIA output. The user specifies the independent variable that is used and Linfit performs 

linear regression to solve for coefficients. After Linfit models the light curve, the model is 
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subtracted. The -o command can then be used to save the corrected light curve. The following is 

a sample command using Linfit. 

 

-linfit ‘a*fwhm + b’ ‘a,b’ correctlc -o output/directory/ 

 

where the functions are given within single quotes after the command, followed by a list of 

parameters within single quotes. The keyword “correctlc” tells Linfit to subtract the model that 

has been created (“VARTOOLS,” 2015).  

Figure 5-1 contains a plot of FWHM versus JD. The FWHM values on the vertical axis 

were measured using IRAF’s imexamine for each of the images. Note the feature in the center of 

the plot 

 

 

Figure 5-1 The FWHM for each of the 97 science images is plotted versus Julian date. The 

values on the horizontal axis were measured using imexamine in IRAF.  
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Figure 5-2 contains a light curve that contains a strong correlation to the FWHM. Note the 

feature in the center. This trend was noticed by visual inspection of light curves. The standard 

deviation for this light curve is 27.1550. The standard deviation of the mean for 3 hours is 

3.50569. Figure 5-3 contains the same light curve after it has been processed by Linfit. The 

standard deviation is 25.0372. The standard deviation of the mean for 3 hours is now 3.23228. 

Note that the amplitude of the trend is noticeably suppressed. Differential flux units are used in 

this plot because these are the units that were input during the run of Linfit. 

 

 

 

Figure 5-2 Light curve “1810” is plotted above. The vertical axis is in units of differential 

flux and the horizontal axis is in units of MJD.  
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Figure 5-3 Light curve “1810” is plotted again after it has been corrected using Linfit. The 

vertical axis of the top plot is in units of differential flux. The horizontal axis is in units of MJD.  

 

 

 TFA (Trend Filtering Algorithm) is used to remove other systematic trends that may exist 

in a group of light curves (Kovács, Gáspár, & Noyes, 2005). TFA fits a linear combination of 

basis vectors to create a model of a light curve and then subtracts the model. The basis vectors 

used to create the model are provided by the user as a list of light curves from the data set 

(“VARTOOLS,” 2015). Both the input list and the list of basis vectors should contain the 

coordinates of each star. The number of basis vectors should be approximately 10% of the 

number of data points within the light curves being fitted (J. Hartman, personal communication, 

September 21, 2015). 
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 The list that was created for this project’s data set consists of 20 light curves. These were 

selected by picking light curves from the input list of all 9443 light curves produced by pyDIA. 

These were selected almost entirely without knowledge of the shapes of the light curves. Light 

curves were also selected from the full range of magnitudes in the data. The command below 

was used to run TFA: 

 

-TFA trendlist dates_tfa 25.0 xycol 2 3 1 0 0 

 

Where “trendlist” is a file containing the prepared list of basis vectors, “dates_tfa” is a space-

delimited file containing each original image name and its corresponding JD, and “25.0” in the 

command above is the pixel separation value. TFA will not use a basis vector if it is within this 

radius in pixels of a light curve being modeled. The “1” is a switch that indicates whether or not 

the model is subtracted from the light curve. (“VARTOOLS,” 2015) 

 Figure 5-3 also contains a light curve that has been identified by visual inspection of a 

group of plotted light curves as containing a systematic trend after being processed by Clip and 

Linfit. As above, the differential flux is plotted versus JD. The systematic trend can be seen as 

the positive slope on the left side of the plot. Figure 5-4 contains a plot of the same light curve 

after being corrected by TFA. The trend has been visibly suppressed. The standard deviation is 

now 15.5077. The standard deviation of the mean for 3 hours is 2.00206. Figure 5-5a contains a 

plot of a light curve of a potentially variable star before TFA processing. The plot in Figure 5-5b 

is the same light curve after TFA processing. Note that the shape of the light curve remains but 

that noise has been introduced. 
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Figure 5-4 Differential flux is plotted versus JD for light curve 1810 after TFA processing.  

 

 
 

Figure 5-5a Differential flux is plotted versus MJD for a potentially variable star before TFA 

filtering. 
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Figure 5-5b Differential flux is plotted versus MJD for a potential variable star after TFA 

filtering. 

 

 

An example VARTOOLS script can be found in Appendix D. This script accepts a list of light 

curves, defines an additional variable for FWHM, and applies Clip, Linfit, and TFA to the light 

curve list. The alarm statistic is computed for each light curve after every command is run. 

 BLS (Box Least Squares) is a program that searches for planetary transits in a set of light 

curves. The search is performed by fitting a step function consisting of a high value and a low 

value (transit) to each light curve (Kovács, Zucker, & Mazeh, 2002). BLS produces a model of 

the transit and computes the transit duration, transit depth, and orbital period of the model. This 

program will be used in the future study to search light curves for planetary transits. This 

program was tested with the data used to produce the analysis pipeline. However, BLS appears to 

require a longer time span of input data to function correctly. 
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Chapter 6 

VaST 

 

 

6.1 Introduction 

 VaST (Variable Search Toolkit)
3
 is a program designed to detect variable stars in time 

series of images. It was first presented publicly in 2005 under another name. It has since been 

used in a number of variable star studies. (VaST developers team, 2015) 

 VaST is capable of handling changing PSFs and the alignment of shifted/rotated images. 

It is also capable of performing either PSF or aperture photometry. After photometry is 

performed, a number of statistical measures can be applied to identify potentially variable stars. 

VaST creates light curves and images of each star that can be accessed through a graphical user 

interface. VaST is also capable of performing automatic and manual calibration of measurements. 

(VaST developers team, 2015) 

 

6.2 Software Requirements/Installation 

 VaST requires a Unix-based operating system. Most of its software requirements are 

included in Linux distributions. These are GCC, BC, and cURL. SExtractor and PSFEx are 

required if PSF photometry is needed. SExtractor (Source Extractor) is a program that identifies 

sources within an image (Bertin & Arnouts, 1996). PSFEx (PSF Extractor) is a program that 

automatically models the PSF of sources identified by SExtractor (Bertin, 2011). 

 SExtractor Version 2.8 is available in the Ubuntu repositories. Using a recent version of 

Ubuntu (version 14.04 or 15.04), it can be installed using the command, 

                                                 
3 http://scan.sai.msu.ru/vast/ 
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sudo apt-get install sextractor 

 

 Depending upon the type of operating system used, PSFEx may need to be installed from 

the source. It requires ATLAS Version 3.6, FFTw Version 3.0, and PLPlot Version 5.9. These are 

available in the Ubuntu repositories. However, the version of PSFEx that was used requires a 

now-deprecated definition within PLPlot. This issue was resolved by installing an older version 

of PLPlot (version 5.9.9) than what is available in the Ubuntu repositories. The “include” and 

“lib” directories within the PLPlot installation directory were specified as options when 

configuring PSFEx for installation. It is also necessary to specify the ATLAS include and lib 

directories during configuration. 

 After these dependencies are installed, VaST is installed by unpacking and then 

compiling using the command, make. VaST is only about 10 MB before extraction (VaST 

developers team, 2015). 

 VaST was run on a Ubuntu 14.04 LTS system with a quad-core processor and 8 GB of 

ram. SExtractor is capable of utilizing multiple processor cores and will specify how many cores 

it is using during runtime. VaST will specify the amount of memory that was used after 

measurements are performed. For 8776 objects measured, approximately 1.5 GB of RAM were 

used during runtime. 

 

6.3 Input 

 VaST accepts a group of FITS files in a specified directory. It is implemented using the 

following command to run with aperture photometry. 
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./vast -l ~/input/directory/*fits 

 

The -l is where optional commands can be specified. In this case, sigma filtering is specified. A 

full list of options can be accessed by running the command, ./vast -h. The parameters that are 

used by SExtractor can be accessed in the default.sex file within the VaST installation directory. 

For this project, all of these setting were left at their default values except for the saturation level 

and gain, which were set to 65000. and 2.1, respectively. Though, SExtractor will override these 

values that are assigned in default.sex if it can find the relevant keywords in the FITS headers 

(VaST developers team, 2015). 

 PSF photometry is specified using the -P option. It should be noted that this feature is 

labeled “experimental” in the VaST online documentation. The parameters that are used with this 

option that specifically relate to PSFEx can be accessed within default.psfex in the VaST 

directory. These parameters were left at default values. 

 SysRem is the other important option that was used. SysRem removes systematic trends in 

a set of flux files; SysRem is similar to the trend removal procedure described in Section 5.3 

(Tamuz, Mazeh, & Zucker, 2005). The syntax used to implement this option is -y followed by 

the number of iterations to be performed. For example, the following command runs VaST using 

PSF photometry with 10 iterations of SysRem: 

 

./vast -Py 10 ~/input/directory/*fits 

 

6.4 Output and Utilities 

 VaST produces a flux file per star as output. The format consists of a column for JD, 
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magnitude, error, x position of the star in the current frame, y position, diameter of aperture used, 

and the file corresponding to the JD in that line. The output set of a run can be saved by running 

the utility, save.sh within the util directory. This script saves output and parameter files. Other 

utilities that were used include load.sh, which loads a previously saved output set and 

magnitude_calibration.sh, which performs magnitude calibration using stars with known 

magnitudes as reference. (VaST developers team, 2015) 

 The errors that are reported by VaST are produced by Sextractor. They are computed 

using Equation 6-1, 

 

Δ𝑚 = 1.0857
√𝐴𝜎2 +

𝐹
𝑔

𝐹
 

(6-1) 

 

where “A is the area (in pixels) over which the total flux F (in ADU) is summed, σ is the 

standard deviation of the noise (in ADU) estimated from the background, and g the detector gain 

(GAIN parameter, in e
-
/ADU)” (Bertin, n.d.). These errors are used in plots of VaST output that 

contain error bars. Note that the Δm value in Equation 6-1 is a lower limit of the magnitude 

uncertainty (Bertin, n.d.). 

 After VaST completes its operations, all stars are plotted according to standard deviation 

versus instrumental magnitude. This plot is presented later in Chapter 8. Other plots are accessed 

by the m key. The other plot presented in Chapter 8 uses the Stetson Variability Index (Stetson, 

1996). Each data point can be clicked on to access the associated light curve. Accordingly, each 

point in a light curve can be clicked on to access an image of the star for the corresponding time 

step. 

The Stetson Variability Index is used to measure the likelihood that a star is variable. A 

greater value corresponds to a greater likelihood of variability. This value is defined by Equation 
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6-2:  

 
𝐿 = (

𝐽𝐾

0.798
) (

Σ𝑤

𝑤all
) (6-2) 

 

where J is also a variability index, which considers the weights of each pair of observations and 

their residuals. wall represents the total weight of a star if a measurement is made for each frame.  

w represents the weight of a specific measurement. In this way, the L value of a star is decreased 

if it is not measured in some frames. K is the kurtosis. The kurtosis is a measure of how the data 

are distributed. For a truly variable signal, K approaches unity. For a signal that contains an 

outlier but is otherwise constant, K will approach zero. For a signal that may otherwise be 

flagged as variable because of noise that obeys a Gaussian distribution, K approaches the value 

0.798. 

 

6.5 Magnitude Calibration 

 The measurements performed by VaST were calibrated using stars with known 

magnitudes and a script included with VaST. The stars were identified using Simbad
4
 and 

Aladin
5
. The field was first aligned to the Aladin Sky Atlas by identifying similar patterns in the 

science images and Aladin. The Simbad database was then added to the field in Aladin as a visual 

layer. A list was made of the stars that were contained within the field. Since Simbad does not 

contain I-band magnitudes of these stars, the USNO-B1 catalog was searched using the IRSA 

search service
6
 (Monet et al., 2003). Of the eight stars in the Simbad database, four of these had 

I-band measurements in the USNO-B1 catalog. Table 6-1 contains the Simbad identifiers of 

these four, their I-band magnitudes, and the CCD pixel coordinates. (Monet et al. 2003; “TYC 

                                                 
4 http://simbad.u-strasbg.fr/simbad/ 

5 http://aladin.u-strasbg.fr/ 

6 http://irsa.ipac.caltech.edu/Missions/usno.html 
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1055-1807-1” n.d.; “TYC 1055-5231-1” n.d.; “LF 1 C 183” n.d.; “GSC 01055-04952” n.d.) 

Table 6-1 

  

  

  

Stars used for calibration 

Simbad ID I-band magnitude CCD x coord. CCD y coord. 

TYC 1055-1807-1 11.39 283 681 

TYC 1055-5231-1 11.41 923 708 

LF 1 C 183 11.72 674 1639 

GSC 01055-04952 12.12 1451 1335 

 

Table 6-1 The four stars with I-band magnitudes in the USNO-B1 catalog are listed by their 

Simbad identifiers. (Monet et al. 2003; “TYC 1055-1807-1” n.d.; “TYC 1055-5231-1” n.d.; “LF 

1 C 183” n.d.; “GSC 01055-04952” n.d.) 

 

 

 The VaST magnitude calibration utility displays a reference image initially. The 

magnitude of a reference star is given by clicking on the star within the reference frame and then 

entering the magnitude in the terminal. After this is completed for all of the reference stars the 

next step is accessed by closing the reference image. A function can then be fit to the reference 

stars, which are plotted by magnitude versus instrumental magnitude. A weighted, linear 

function with a fixed slope was chosen for the conversion. The points are weighted by their 

estimated errors. After the plotting window is closed, the calibration is performed for all of the 

flux files in the currently loaded data set. (VaST developers team, 2015) 

 

6.6 Results 

 Noticeable systematic effects were present in the results from VaST. These were found by 

visual inspection of light curve plots. To determine how many iterations of SysRem should be 

used to remove them, the VARTOOLS alarm command was used and the number of stars 
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assigned a value greater than 5 were counted. The decrease in this number began to stabilize by 

10 iterations; 20 and 30 iterations were also used to confirm this. Alarm is described in Chapter 

5. Figure 6-1 contains a plot of the number of stars assigned high alarm values versus the 

number of SysRem iterations. 

 

Figure 6-1 The Number of Stars with alarm Values (A) Greater Than 5 is plotted versus the 

number of SysRem Iterations. 

 

 

 SysRem alone was used with the results of the VaST PSF photometry. In the results of 

VaST aperture photometry, outlying data points were present in addition to systematic trends. 

Therefore, sigma filtering and SysRem were both used with the aperture photometry output set. 

 Figure 6-2 contains a plot of star “00174” measured using PSF photometry. The vertical 

axis is in units of magnitude and the horizontal axis is in units of JD. By visual inspection, the 

trend of increasing magnitude beginning at the start of the light curve was seen in many light 

curves. There was a grouping of light curves with high alarm values (within the top 20) with this 
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trend as well. The standard deviation of this light curve is 0.0069 magnitude. The standard 

deviation of the mean for 3 hours is 0.0009 magnitude. Figure 6-3 contains a plot of star “00174” 

after 10 iterations of SysRem. The standard deviation is 0.0020 magnitude and the standard 

deviation of the mean for 3 hours is 0.0003 magnitude. Figure 6-4 contains a plot of star “00174” 

produced by aperture photometry, after sigma filtering and SysRem. The variation within this 

plot appears to be slightly less than the variation in Figure 6-3. The standard deviation and 

standard deviation of the mean for 3 hours are 0.0023 and 0.0003 magnitude, respectively. The 

results of aperture photometry, though, still contain single points with high standard deviation 

that result in high alarm values, even after sigma-filtering. 

 

 
 

Figure 6-2 Magnitude is plotted versus JD for star “00174”.  
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Figure 6-3 Instrumental magnitude is plotted versus JD for “00174”. This is the same light 

curve as Figure 6-1 after 10 iterations of SysRem.  
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Figure 6-4 Instrumental magnitude is plotted versus JD using aperture photometry, again for 

“00174”. This is the same light curve as Figure 6-1 and 6-3 after 10 iterations of SysRem and 

sigma-filtering.  
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Chapter 7 

Observations 

 

 

 The observations were taken using the SARA-S 0.6 m telescope in the CTIO (Cerro 

Tololo Inter-American Observatory). The observatory has an elevation of 2200 m. It is located at 

30.169 S and 70.804 W (“About CTIO,” n.d.). It is equipped with a thinned and back-illuminated 

CCD with 2048x2048 pixels. It is cooled to about -110 degrees C; dark images are not necessary 

with such a low chip temperature. The observations were conducted remotely in the Ball State 

Physics and Astronomy Lab, Room 157. 

 The observations were conducted on the night of August 17-18, 2014. The Clarity II 

software available on the control computer and weather radar were used to track general weather 

conditions. The Moon was not up during the observation session (“Complete Sun and Moon,” 

2015). 

Standard bias and twilight sky flat images were acquired during the run; 10 bias frames 

and 5 flat frames were taken for each of the B, V, and I filters. In addition, 8, 180 second sparse 

field frames were taken using the I filter for the purpose of fringe correction. A total of 97 

science images were taken using the I filter. An exposure time of 180 seconds was used for each 

science image. The total time span of the data set is approximately 5 hours and 42 minutes. 
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Chapter 8 

Results 

 

 

8.1 Introduction 

 The results of the photometric analysis programs are presented in this chapter. The sets of 

results were produced using pyDIA, VaST using aperture photometry, and VaST using PSF 

photometry. The parameters that were used are presented before each set of light curve plots. 

Tables of results are also presented. For the VaST results, plots of measured stars using standard 

deviation versus magnitude and Stetson Variability index versus magnitude are presented and 

discussed. 

 Plots of light curves of potential variable stars are presented for each analysis method. 

The light curves are identified between pyDIA and VaST by CCD pixel coordinates. The plots of 

light curves produced by pyDIA were created using Gnuplot. The plots of light curves produced 

by both VaST methods were produced within VaST's interface, which uses PGPlot (VaST 

developers team, 2015). The pyDIA results with the highest alarm (A) values and the VaST 

results using PSF photometry with the highest Stetson Variability Index values (L) have 7 light 

curves in common; 5 of these are also in the VaST results using aperture photometry. These are 

presented in Section 8.2. 

 

8.2 pyDIA/VARTOOLS 

 The important pyDIA parameters used to produce the results follow. Any parameter not 

mentioned here was left at its default value. A 2
nd

 degree of spatial variation was used for the 
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kernel shape, photometric scale, and background. 3200 stamps with a half-width of 20 pixels 

were used to compute the kernel. 5 iterations were used in the computation of the kernel. 

 Table 8-1 contains the light curves with the top 20 alarm values. The pixel coordinates of 

the star in the reference image are included in the last two columns. It is important to point out 

that these results indicate that pyDIA can produce spurious results. Specifically, note the 

coordinates of light curves 695, 4517, 1880, and 9330. Light curves 695 and 4517 are from 

sources centered within 2.5 pixels of each other and have similar shapes. This is also true for 

light curves 1880 and 9330, which are about 3.1 pixels apart. 

Table 8-1 

pyDIA: Top Twenty Alarm Values 

ID A CCD x coord. CCD y coord. 

9417 55.94587 1414.482 576.724 

1880 9.96494 808.902 1999.536 

4018 7.08225 1630.819 70.561 

2939 4.87636 1947.261 441.544 

7474 4.61012 1591.813 667.514 

257 4.53049 1507.707 103.036 

2036 4.05536 96.402 360.796 

695 3.93031 1674.245 1031.139 

4907 3.68805 968.308 1461.907 

4517 3.59651 1676.127 1032.436 

6690 3.3274 1098.47 1019.135 

9330 3.31857 811.49 2001.266 

8097 3.25611 1289.764 285.451 

4145 2.95062 1972.96 1207.045 

835 2.86539 1611.809 1446.214 

4878 2.83311 1114.218 165.637 

4292 2.64241 498.922 1091.391 

1949 2.61934 1137.593 1868.074 

5770 2.40616 80.626 88.243 

2997 2.37314 2030.587 458.506 

 

Table 8-1 The light curves with the 20 highest A values are listed and sorted by A value.  

 



74 

 

  Figures 8-1 through 8-7 contain plots of light curves produced by pyDIA and have 

all been processed using Clip, Linfit, and TFA. They have been assigned high A values and 

have also been assigned relatively high L values. 

 

 

Figure 8-1 Differential magnitude is plotted versus MJD for pyDIA light curve 835.  
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Figure 8-2 Differential magnitude is plotted versus MJD for pyDIA light curve 1880. 

 

Figure 8-3 Differential magnitude is plotted versus MJD for pyDIA light curve 2939. 
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Figure 8-4 Differential magnitude is plotted versus MJD for pyDIA light curve 4878. 

 

Figure 8-5 Differential magnitude is plotted versus MJD for pyDIA light curve 4907. 
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Figure 8-6 Differential magnitude is plotted versus MJD for pyDIA light curve 6648. 

 
Figure 8-7 Differential magnitude is plotted versus MJD for pyDIA light curve 7474. 
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8.3 VaST 

 All of the parameters for SExtractor and PSFEx were left at their default values; 10 

iterations of SysRem were used to remove systematic trends. Sigma filtering was used with the 

aperture photometry results to remove outliers. A total of 5581 stars from the PSF results were 

selected by VaST for plotting. 5609 stars were selected from the aperture results. 

 

8.3.1 PSF Photometry Method 

 Figure 8-8 contains a plot produced by VaST of standard deviation versus magnitude for 

all of the output flux files. Figure 8-9 contains a plot of the Stetson Variability Index versus 

magnitude. This plot was used to select the top 20 variable star candidates. Table 8-2 contains 

the PSF method results with the top 20 L values. The pixel coordinates of the sources within the 

first image of the time series are listed in the right two columns. The ID values are identifiers 

assigned by VaST. 

Table 8-2 

VaST PSF: Top Twenty Stetson Variability Index 

Values 

ID L Range CCD x coord. CCD y coord. 

03011 8-10 1612.1 1449.0 

02304 6-8 809.6 2000.5 

01251 2-4 1947.8 443.0 

00703 2-4 885.4 268.2 

01452 2-4 671.2 540.6 

00477 2-4 1114.7 167.0 

05367 1-2 1272.7 1079.5 

01450 1-2 474.0 521.1 

04486 1-2 968.5 1463.5 

04009 1-2 778.3 1605.3 

20390 0-1 1592.8 669.7 

20210 0-1 2018.3 1665.0 
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01599 0-1 1623.6 585.5 

04915 0-1 28.7 1290.0 

01399 0-1 477.6 501.1 

20104 0-1 1655.3 588.4 

05256 0-1 1392.3 1138.9 

20394 0-1 1905.3 182.1 

03356 0-1 1248.3 847.0 

01976 0-1 1867.6 708.2 

 

Table 8-2 The light curves with the 20 highest L values are listed and sorted by L value 

range.  

 

 

 

Figure 8-8 Standard deviation is plotted versus magnitude for the 5581 light curves output by 

VaST. PSF photometry was used to produce these light curves. 
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Figure 8-9 The Stetson variability index is plotted versus magnitude for the 5581 light curves 

plotted in Figure 8-8. 

 

 Figures 8-10 through 8-16 contain plots of the same stars that are presented in Figures 8-

1 through 8-7. They are listed in the same order as the top, according to pixel coordinates. Notice 

that the error bars are much smaller. As mentioned in Chapter 6, these are a lower limit of the 

uncertainty. Also, one of the effects of TFA appears to be that it introduces noise. It at least 

appears that SysRem does not have the same effect. The “sigma” value above each light curve is 

the standard deviation of the magnitude. 
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Figure 8-10 Magnitude is plotted versus JD for VaST light curve 03011. 

 

 

Figure 8-11 Magnitude is plotted versus JD for VaST light curve 02304. 
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Figure 8-12 Magnitude is plotted versus JD for VaST light curve 01251. 

 

 

Figure 8-13 Magnitude is plotted versus JD for VaST light curve 00477. 
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Figure 8-14 Magnitude is plotted versus JD for VaST light curve 04486. 

 

 

Figure 8-15 Magnitude is plotted versus JD for VaST light curve 20104. 
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Figure 8-16 Magnitude is plotted versus JD for VaST light curve 20390. 

 

8.3.2 Aperture Photometry Method 

 Figure 8-17 contains a plot produced by VaST of standard deviation versus magnitude for 

all of the output flux files using aperture photometry. Figure 8-18 contains a plot of the Stetson 

Variability Index versus magnitude. This plot was used again to select the top 20 light curves. 

Table 8-3 contains the PSF method results with the top 20 L values. The pixel coordinates of the 

sources are contained within the right 2 columns. The ID values are identifiers assigned by 

VaST. Note that there is a difference in the number of stars with high L values between Figures 

8-9 and 8-18. 
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Table 8-3 

VaST Aperture: Top Twenty Stetson Variability Index (L) 

Values 

ID L Range x y 

03011 6-8 1612.1 1449.0 

02312 6-8 439.5 1989.7 

02304 6-8 809.6 2000.5 

00952 4-6 1819.2 401.5 

01251 2-4 1947.8 443.0 

01452 2-4 671.2 540.6 

01450 2-4 474.1 521.1 

04365 1-2 778.5 1480.5 

00477 1-2 1114.7 167.0 

00703 1-2 885.4 268.3 

05525 1-2 1840.8 1045.5 

04009 1-2 778.3 1605.2 

05367 1-2 1272.7 1079.6 

20590 0-1 2018.0 1664.9 

04326 0-1 1082.2 1489.3 

20533 0-1 2019.3 1182.8 

05577 0-1 729.4 1030.3 

20459 0-1 1592.8 669.7 

21189 0-1 1047.7 1179.4 

02430 0-1 1672.3 1953.5 

 

Table 8-3 The light curves with the 20 highest L values are listed and sorted by L value 

range. 
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Figure 8-17 Standard deviation is plotted versus magnitude for the 5609 light curves output by 

VaST. Aperture photometry was used to produce the light curves plotted. 

 

 

 



87 

 

 
 

Figure 8-18 The Stetson variability index is plotted versus magnitude for the 5609 light curves 

plotted in Figure 8-17. 

 

 Figures 8-19 through 8-23 contain plots of five light curves produced using aperture 

photometry in VaST. The first 4 correspond to the first 4 light curves in the previous 2 sections. 

The last light curve corresponds to the 7
th

 of the previous 2 sections. The 5
th

 and 6
th

 light curves 

in these previous sections are not within the results presented in Table 8-3. These results are 

similar to the VaST results using PSF photometry. This is illustrated by the similar sigma values 

provided at the top of each plot. The magnitudes are calibrated using stars of known magnitude 

within the field. 



88 

 

 

Figure 8-19 Magnitude is plotted versus JD for VaST light curve 03011. 

 

 

Figure 8-20 Magnitude is plotted versus JD for VaST light curve 02304. 
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Figure 8-21 Magnitude is plotted versus JD for VaST light curve 01251. 

 

 

Figure 8-22 Magnitude is plotted versus JD for VaST light curve 00477. 
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Figure 8-23 Magnitude is plotted versus JD for VaST light curve 20459. 

 

8.4 Result Coordinates 

 Table 8-4 contains the equatorial coordinates for each of the seven variable star 

candidates listed in Tables 8-1 and 8-2. The VaST star ID is used to identify the corresponding 

light curves plotted in Figures 8-10, 8-11, 8-12, 8-13, 8-14, 8-15, and 8-16. All of the coordinates 

are in epoch 2000.0. The ccmap task within IRAF was used with the coordinates of the 

magnitude calibration stars listed in Chapter 6. Ccmap creates a solution for an input frame based 

upon a table of stars, their CCD pixel coordinates, and their equatorial coordinates. Ccmap also 

updates the FITS header of the input frame with information about the new coordinate system. 

The coordinates of the reference stars in the converted image were double checked using a DSS 

(Digital Sky Survey) layer in Aladin. The coordinates of each variable star candidate were 

checked using a DSS layer in Aladin, as well. 

 Three catalogs were searched for variable stars within the field of view of the data. These 
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are ASAS
7
, VSX

8
, and GCVS

9
. There appear to be no known variable stars or variable star 

candidates in the field that was studied. 

 

Table 8-4     

  

 

  

Equatorial coordinates of Variable Candidates 

VaST ID RA 

(hr:min:sec) 

Dec. 

(deg:min:sec) 

03011 19:25:57.44 +8:00:49.21 

02304 19:25:43.64 +7:55:42.86 

01251 19:26:22.93 +8:03:00.17 

00477 19:26:30.20 +7:57:45.54 

04486 19:25:57.24 +7:56:45.62 

20104 19:26:19.34 +8:01:08.75 

20390 19:26:17.27 +8:00:45.05 

 

Table 8-4 The right ascension and declination are listed for the seven variable star 

candidates discovered.  

 

 Finding charts have been prepared for the seven variable star candidates. These can be 

found in Figures 8-24 through 8-30. They are approximately 2 arcminutes wide (~275 x 275 

pixels) and use an inverted grey scale. The target star in each chart is indicated by a red ring. 

Where two variable star candidates are in the same chart, the star not currently targeted is 

marked by a black ring. Figure 8-31 contains the entire 2048 x 2048 pixel frame with all seven 

variable star candidates marked. 

 

                                                 
7
 http://www.astrouw.edu.pl/asas/?page=acvs 

8
 https://www.aavso.org/vsx/index.php 

9
 http://www.sai.msu.su/gcvs/gcvs/index.htm 
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Figure 8-24 VaST ID 03011; 19:25:57.44, +8:00:49.21 

 

Figure 8-25 VaST ID 02304; 19:25:43.64, +7:55:42.86 

 

Figure 8-26 VaST ID 01251; 19:26:22.93 +8:03:00.17 
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Figure 8-27 VaST ID 00477; 19:26:30.20, +7:57:45.54 

 

Figure 8-28 VaST ID 04486; 19:25:57:24, +7:56:45.62 

 

Figure 8-29 VaST ID 20104; 19:26:19:34, +8:01:08.75 
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Figure 8-30 VaST ID 20390; 19:26:17.27, +8:00:45.05 

 

Figure 8-31 The full CCD frame is displayed with the seven variable star candidates marked 

by red rings. 
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8.5 Variable Candidate Classification 

 A program called UPSILoN
10

 was used to classify the variable star candidates that were 

discovered. UPSILoN is a Python-based program that automatically attempts classification of 

variable stars and assigns a probability to a classification. Table 8-5 contains the classifications 

for each of the 7 variable star candidates measured by VaST using PSF photometry. The label 

“CEPH_10” indicates a Cepheid variable; “EB_EC” indicates a contact binary; “EB_ESD” 

indicates a semi-detached binary; “DSCT” indicates a Delta Scuti type variable star. (Kim & 

Bailer-Jones, 2015) 

Table 8-5     

  

 

  

UPSILoN Variable Star Candidate Possible Classification 

VaST ID Label Probability 

03011 CEPH_10 0.45 

02304 EB_EC 0.85 

01251 EB_EC 0.53 

00477 EB_EC 0.53 

04486 EB_EC 0.44 

20104 EB_ESD 0.25 

20390 DSCT 0.67 

 

8.6 Significance of Results 

 Recall that one of the objectives of the method described in this thesis was the detection 

of exoplanets by the transit method. As mentioned in Section 1.7, the change in brightness during 

a transit is equal to the ratio of the cross-sectional areas of the planet and star, 

𝑅𝑝
2

𝑅∗2
 

where 𝑅𝑝 is the radius of the planet and 𝑅∗ is the radius of the star. For the transit of a planet 

with the radius of Jupiter, and an M dwarf star with a radius about 60% of the sun’s radius, the 

                                                 
10

 https://github.com/dwkim78/upsilon 
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change in brightness is 1.0566 × 10−2 (Williams, 2015a; Gray & Corbally, 2009). The transit 

depth of a Neptune-sized planet orbiting the same type of star is 1.2678 × 10−3 (Williams, 

2015b). These values can be compared to the standard deviations of light curves in the results to 

determine if the analysis procedure can confidently detect transits. 

 For a confident detection of a planetary transit, the transit depth should be at least three 

times the standard deviation of the mean for three hours (the length of a typical hot Jupiter 

transit) (G. Gonzalez, personal communication, 2015; “Kepler: About Transits,” n.d.). The 

standard deviation of the mean is defined as 

𝜎�̅� =
𝜎

√𝑁
 

where σ is the standard deviation of the light curve and N is the number of data points in the light 

curve that span 3 hours. As an example, the initially heavily trended light curve in Section 6-6 

(VaST ID 00174) can be considered. This is a 13
th

 magnitude star with a standard deviation (σ) of 

1.588 × 10−3 and a standard deviation of the mean (𝜎�̅�) of 2.050 × 10−4. Three times 𝜎�̅� is 

6.150 × 10−4, which is within the transit depths for both Jupiter- and Neptune-sized planets.  

Figure 8-32 contains a plot of the standard deviation of the mean for three hours versus mean 

magnitude for the VaST PSF photometry results. The data plotted in Figure 8-8 were used to 

produce Figure 8-32 and the following limits. The faintest star with a small enough standard 

deviation of the mean is approximately a 14.5 magnitude star for a Neptune-sized planet. The 

faintest star that a Jupiter-sized planet can be detected around using this method is approximately 

18
th

 magnitude. 
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Figure 8-32 The standard deviation of the mean is plotted versus mean magnitude for the 

results of VaST PSF photometry.  
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Chapter 9 

Conclusion 

 

 

 The simulation described in Chapter 2 predicts that there exists a relationship between 

galactocentric distance and planetary incidence in the galactic midplane. This relationship is 

based upon the relationships described in Chapter 1. These are the radial metallicity gradient in 

the galactic midplane and the stellar metallicity-giant planet incidence relationship. It was not 

possible to test this hypothesis in this thesis due to the lack of the required equipment. 

The method of data reduction and analysis has been developed and described in Chapters 

3 through 6. Using this method, the study of planetary transits in the fields mentioned in Section 

1.10 will be conducted by future students, and they will be able to test the above hypothesis. A 

choice will need to be made concerning which analysis program(s) to use. Based upon the data 

available, VaST’s PSF photometry is recommended for the analysis pipeline. 

The results in Chapter 8 suggest that pyDIA’s PSF-based, difference imaging photometry 

method may not be necessary. VaST was able to reproduce a number of results that agree with 

pyDIA’s results. VaST also requires less processing time and less powerful hardware. Also, as 

mentioned in Chapter 8, the SysRem trend removal program appears to introduce less noise than 

TFA. It should be noted, though, that VaST and pyDIA both have a number of parameters that 

may need to be adjusted to optimize how they perform with the specific data being analyzed. The 

results discussed in Section 8-5 suggest that the future study, using the method described in this 

thesis, should be able to detect the transits of giant planets orbiting M dwarf stars.  
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Appendix A 

IRAF flatcombine Parameters 

                                         I R A F   

                          Image Reduction and Analysis Facility 

PACKAGE = ccdred 

   TASK = flatcombine 

 

input   =             flatb.0*  List of flat field images to combine 

(output =                flatb) Output flat field root name 

(combine=               median) Type of combine operation 

(reject =            avsigclip) Type of rejection 

(ccdtype=                 flat) CCD image type to combine 

(process=                   no) Process images before combining? 

(subsets=                   no) Combine images by subset parameter? 

(delete =                   no) Delete input images after combining? 

(clobber=                   no) Clobber existing output image? 

(scale  =               median) Image scaling 

(statsec=                     ) Image section for computing statistics 

(nlow   =                    1) minmax: Number of low pixels to reject 

(nhigh  =                    1) minmax: Number of high pixels to reject 

(nkeep  =                    1) Minimum to keep (pos) or maximum to reject (neg) 

(mclip  =                  yes) Use median in sigma clipping algorithms? 

(lsigma =                   3.) Lower sigma clipping factor 

(hsigma =                   3.) Upper sigma clipping factor 

(rdnoise=                   7.) ccdclip: CCD readout noise (electrons) 

(gain   =                  2.1) ccdclip: CCD gain (electrons/DN) 

(snoise =                   0.) ccdclip: Sensitivity noise (fraction) 

(pclip  =                 -0.5) pclip: Percentile clipping parameter 

(blank  =                   1.) Value if there are no pixels 

(mode   =                   ql) 
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Appendix B 

Fix JD FITS Values 

 fixjd.py: 

#!/usr/bin/env python 

 

from astropy.io import fits 

import os 

 

#Initialize data unit variable 

 

hdu_number = 0   

 

# 

#Read in data from the fits header. 

# 

data, header = fits.getdata(os.environ["f"], header=True) 

 

#Prepare data as the replacement and replace. 

 

mystring = header["J_DATE"] 

replacement = float(mystring[1:14]) 

header['J_DATE'] = replacement 

fits.writeto(os.environ["f"], data, header, clobber=True) 

 

 

 

 fixjd.sh: 
 

#!/bin/sh 

 

for f in L44b-4.*.fits 

 do 

  export f 

  python ~/bin/fixjd.py $f 

 done 
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Appendix C 

Sample pyDIA Script 

#!/usr/bin/env python 

 

import sys 

sys.path.append('/d/users/jdkindt/pyDIA/pyDIA') 

#import DIA_GPU as DIA 

from pyDIA import DIA_GPU as DIA 

import numpy as np 

 

dparams = DIA.Data_Parameters() 

dparams.gain = 2.1 

dparams.readnoise = 7.0 

dparams.pixel_min = 10.0 

dparams.pixel_max = 50000.0 

dparams.hwhm = 2.0 

dparams.name_pattern = 'L44*.fits' 

dparams.datekey = 'J_DATE' 

 

rparams = DIA.Reduction_Parameters() 

rparams.do_photometry = True 

rparams.cr_clean = False 

rparams.pdeg = 2 

rparams.sdeg = 2 

rparams.bdeg = 2 

rparams.use_stamps = True 

rparams.nstamps = 3200 

rparams.stamp_half_width = 15 

rparams.subtract_sky = True 

rparams.sky_degree = 2 

rparams.iterations = 5 

rparams.fwhm_mult = 3.0 

rparams.loc_data = '/d/users/jdkindt/pyDIA/l44' 

rparams.loc_output = '/d/users/jdkindt/pyDIA/l44/output_3200_5it' 

 

rparams.use_GPU = True 

 

 

DIA.imsub_all_fits(dparams,rparams) 
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Appendix D 

Sample VARTOOLS Command 

#!/bin/sh 

#  

#  

vartools -parallel 12 -header -l lc_list_tfa -inputlcformat t:1,mag:2,err:3,fwhm:4 \ 

    -linfit 'a*fwhm+b' 'a,b' correctlc -o linfit/output/ \ 

    -clip 3. 0 \ 

    -TFA lc_trendlist_tfa readformat 0 1 2 dates_tfa 25.0 xycol 2 3 1 0 1 -o tfa/output/ \ 

    -alarm \ 

    > table-alarm-linfit-clip3-tfa-output 
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Appendix E 

Installation of PSFEx for VaST 

 

 Note that this guide assumes that a terminal emulator is used to run all of the commands 

mentioned. PSFEx is required by VaST if the PSF photometry is desired. PSFEx models the 

point spread function of stars identified by SExtractor. PSFEx is not available from the Ubuntu 

repositories and must be built from the source if this OS is used. PSFEx requires ATLAS version 

3.6, FFTw version 3.0, and PLPlot version 5.9 or later. ATLAS and FFTw are available through 

the Ubuntu Software Center. The Ubuntu Software Center can be accessed by pressing the 

super (window) key and typing software center, then pressing enter. A search can then be 

conducted for libatlas and libfftw. Another way of installing these requirement is mentioned in 

the VaST homepage as a command that installs the appropriate packages (VaST developers team, 

2015): 

 

sudo apt-get install libfftw3-dev libatlas-base-dev 

 

  PSFEx requires a command that is deprecated in the version of PLPlot available in the 

Software Center.  Therefore, version 5.9.9 of PLPlot must be using the source. PLPlot requires 

the CMake build system for installation. This can be installed by running the command, 

 

sudo apt-get install cmake 

 

PLPlot 5.9.9 can be downloaded from the following url: 
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http://sourceforge.net/projects/plplot/files/plplot/5.9.9%20Source/ 

 

After download, the archive can be unpacked using the command, 

 

tar zxvf [filename] 

 

where [filename] is the name of the PLPlot archive. A build directory should be made and 

navigated to  using: 

 

mkdir plplot_build_dir 

cd plplot_build_dir 

 

The installation location and is specified and PLPlot prepared for installation using the command 

(Irwin, 2015), 

 

cmake -DCMAKE_INSTALL_PREFIX=/path/to/installation/directory \ 

/path/to/unpacked/archive/plplot-5.9.9 

 

The build and installation commands can then be run: 

 

make 

make install 

http://sourceforge.net/projects/plplot/files/plplot/5.9.9%20Source/
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 After PLPlot is installed and the other requirements are installed, the PSFEx archive can 

be downloaded to a convenient location from: 

 

http://www.astromatic.net/download/psfex/psfex-3.17.1.tar.gz 

 

and unpacked using the command, 

 

tar zxvf [filename] 

 

The command below will configure, build, and install PSFEx. In the unpacked PSFEx directory 

(VaST developers team, 2015). 

 

./configure --with-atlas-incdir=/usr/include/atlas \ 

--with-atlas-libdir=/usr/lib/atlas-base/atlas \ 

--with-plplot-incdir=/path/to/plplot/include/plplot \ 

--with-plplot-libdir=/path/to/plplot/lib \ 

&& make && sudo make install 

 

VaST can be installed per the instructions on the homepage. VaST will search for the installation 

of PSFEx during its normal operation. If the above proceed is used, VaST will automatically find 

PSFEx. 

 

http://www.astromatic.net/download/psfex/psfex-3.17.1.tar.gz

