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1. Introduction 

 

1.1 Why Search for Red Dwarf Stars? 

 The luminosity function of low luminosity red stars is important due to the high 

frequency of such stars and their substantial contribution to the mass of baryonic matter 

as determined by analysis of the numbers of such stars within a few parsecs of the Sun. 

However, the need for bright standard stars with high fluxes and short integration times 

has caused many sky surveys to be dominated by high luminosity sources. As a result, 

many low luminosity red stars have previously gone undetected. An additional difficulty 

has been the inability to distinguish between red giant and red dwarf stars. Recently, 

however, low luminosity sources have gained the focus of many astronomical programs 

as instrumentation has improved and fainter limiting magnitudes can be attained. 

With such low luminosities, red dwarf stars comprise approximately eighty 

percent of the luminous mass of the galaxy but less than four percent of its luminosity. To 

overcome such low levels of light, we need to develop techniques to observe and identify 

them. Finding a proper method to detect these stars will help to determine the density of 

stars in a given volume of space centered on the Sun. This also opens the possibility of 

more precisely determining our position in the Milky Way by determining the spatial 

density of stars in many directions. 

Twenty star systems are known to exist within twelve light-years of Earth. 

Several of these are binary star systems—with one being a triple star system—yielding 



 

2 | P a g e  
 

twenty-nine individual stars. Most of these near neighbors are red dwarfs too faint to be 

seen without a telescope. The abundance of red dwarfs in the Sun’s neighboring area 

reflects the galaxy’s prevalence of these stars (Croswell 1995). 

 

1.2 Luminosity Function and the Stellar IMF 

The stellar initial mass function (IMF) is one of the most fundamental distribution 

functions in astrophysics. Initially, the stellar IMF was found in 1955 by Edwin Salpeter 

to be a power-law which decreases with stellar mass for stars between 1 and 10 solar 

masses (Larson 2003). More recent studies have found the IMF to break from a power-

law shape near 0.5 solar masses and have a broad peak between 0.1-0.5 solar masses, 

indicating that most stars formed in the galactic disk are M stars (Lada 2006). 

Despite the advances made in understanding low-mass stars, the luminosity and 

mass functions still remain uncertain. Directly observable, the luminosity function 

describes the number density of stars as a function of absolute magnitude. The mass 

function is typically inferred from the luminosity function and is defined by the number 

density in terms of mass (Bochanski 2008). 

In recent years, to understand these two fundamental properties projects have 

been characterized by the observation of thousands of square degrees coupled with 

precise (< 5% error) and deep (apparent magnitude r ~ 22, J ~ 16.5) photometry. The 

development of large format CCDs has made these projects possible. Two of the biggest 

surveys of note are the Sloan Digital Sky Survey (SDSS) and the Two-Micron All Sky 

Survey (2MASS). These surveys covered eight thousand square degrees with nearly 220 

million sources and 99.98% of the sky with nearly 500 million sources, respectively. 
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Previously, investigations fell into one of two categories: nearby, volume-limited studies 

of wide solid angle or narrow-beam surveys of distant stars over a small solid angle. 

Sample sizes were limited to only thousands of stars, limiting a detailed determination of 

the luminosity and mass functions, but the resulting datasets from larger, more recent 

surveys (similar to SDSS and 2MASS) contain millions of low-mass stars, enabling many 

subsequent research projects to be undertaken (Bochanski 2008).  

One of the most extensive of these subsequent research programs was conducted 

by Covey et al. (2008) and was focused on the search for M dwarfs. Measurements of the 

luminosity and mass functions of low-mass stars were constructed from a catalog of 

matched 2MASS and SDSS detections. This catalog contained more than 25,000 point 

sources spanning approximately thirty square degrees. Follow-up spectroscopic 

observations were made on more than five hundred low-mass dwarf candidates within 

one square degree subsample with thousands of additional candidates in the remaining 

twenty-nine square degrees. Covey et al. found that the luminosity function of the 

galactic disk is consistent with that measured from volume complete samples of the solar 

neighborhood. However, a systematic uncertainty of approximately seventy percent 

resulted at the peak of the luminosity function.  

 Details were released by Bochanski et al. (2008) of a project designed to measure 

the luminosity and mass functions of low-mass stars. The new technique was optimized 

for large surveys and allowed the field luminosity function and local stellar density 

profile to be measured simultaneously. The sample size used in this project was nearly 

three orders of magnitudes larger than any previous study. Later, the luminosity function 

was transformed into a mass function and compared to the findings of previous studies. 
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Bochanski et al. found that the luminosity function peak rose to an approximate absolute 

red magnitude of eleven, with a decline beyond that (Bochanski 2008). 

The research for this thesis utilizes CCD photometry to detect nearby red dwarf 

stars using the remotely-controlled telescope of the Southeastern Association for 

Research in Astronomy (SARA). Three-color observations are obtained with short, 

medium, and long duration exposure sets to accurately measure the colors of stars. These 

observations are made with red (R), infrared (I), and calcium hydride (CaH) filters. A 

photometric technique using the CaH filter and standard Kron-Cousins R and I filters 

allows for better luminosity classification of M giants and M dwarfs. This project is 

designed to establish the photometric properties of stars detected in this type of survey 

and to perfect observation and data reduction techniques. 

While the Covey et al. and Bochanski et al. studies both focused on large datasets 

that were compiled from 2MASS and SDSS, this project is designed to determine the 

luminosity function as a function of galactic latitude with a purely empirical method. The 

scale height—the distance for which the density of stars decreases by a factor of 1/e—of 

M dwarfs has been previously measured by other studies and has been determined to be 

one thousand light years above and below the galactic plane. As the luminosity function 

is better determined for high galactic latitudes, this scale height should become evident 

and be consistent with the findings of earlier studies. This project does not include a 

method for distinguishing between old and young M dwarfs, so any contribution to the 

stellar IMF is beyond the scope of this project.  



 

 

 

2. Theory 

 

2.1 Differences between Red Giants and Red Dwarfs 

Red dwarfs are low mass stars having half the mass of the Sun or less. As a result, 

they have low core temperatures causing nuclear fusion to occur at a slow rate. These 

stars can have as little as 1/10,000 the luminosity of the Sun. They are also fully 

convective, keeping helium from accumulating at the core and allowing them to burn a 

larger portion of their hydrogen. Due to low fusion rates, red dwarfs can have a lifetime 

on the order of a trillion years; they use their fuel so slowly that they live for much longer 

than other types of stars (Croswell 1995). 

How a star evolves depends critically on the star’s mass. In the range of 0.5-8 

solar masses, stars tend to evolve the same way. As the star burns hydrogen, its core fills 

up with helium. As this happens, a hydrogen-burning shell surrounds the helium core. 

The outer hydrogen layer expands outward and cools, its larger surface area causes the 

star to become brighter. These stars can become hundreds of times their original size, 

developing into red giants. Eventually, the helium core fuses into carbon and oxygen with 

a helium-layer surrounding it. The core continues to push away the surrounding material 

and becomes a white dwarf (Croswell 1995). 

While red giants may outshine the Sun, they are not necessarily more massive. 

They are simply in a later stage of their lifetime, making them larger and more luminous. 

Giants and supergiants are actually rare, accounting for less than one percent of all stars 
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in the galaxy. The stars that become red giants may live for millions to billions of years 

and be a red giant for only a fraction of that time (Croswell 1995). 

Red dwarfs, being smaller and more compact, have strong surface gravity and 

high pressure atmospheres, causing CaH molecules to become abundant, while red giant 

stars have a much more distended atmosphere causing CaH to dissociate. We use the 

difference in CaH absorption to differentiate between the two types of stars.  

This relation can be understood through the use of the Saha equation. For gases at 

high enough temperatures, thermal collisions between atoms will cause ionization. The 

freed electrons will form an electron gas that co-exists with the gas of atomic ions and 

neutral atoms. The Saha equation describes the degree of ionization of this plasma as a 

function of the temperature, ionization energy of the atoms, and density. The atmospheric 

pressure differences between the two types of stars change the density of the gas 

available for ionization. Red dwarfs have higher pressure atmospheres, leading to higher 

densities and higher degrees of atomic ionization and molecular dissociation (Zeilik and 

Gregory 1998). 

Figure 2.1 shows a typical HR diagram. Our goal is first to identify stars on the 

right side of the diagram—red stars—and then differentiate between the giants located at 

the top-right and the dwarfs at the bottom of the main sequence. 
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FIG 2.1—Hertzsprung-Russell Diagram illustrating separation of red dwarfs and giants of similar 
spectral type but different absolute magnitudes. (Image provided by Wikimedia Commons.) 

 
 

2.2 Photometric Technique 

By using spectroscopy, researchers can precisely classify stars; however, this 

process requires large amounts of observing time for M dwarfs due to their low 

luminosity, restricting the quantity that could be classified in a single observing session. 

Since it is our goal to precisely determine a luminosity function for low-mass stars, larger 

samples need to be observed. To reduce observation time and obtain large samples, we 

focus on intermediate-band photometry rather than spectroscopy. 

The photometric technique developed at Ball State uses three separate filters—

standard Kron-Cousins R and I filters along with a developed CaH filter—to distinguish 

red dwarfs from red giants. After the images are taken, magnitudes in the R and I filters 

are found based on the standard Kron-Cousins magnitudes (Landolt 1983, 1992). CaH-r 
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and R-I color indices are then calculated and plotted. Because the standard Kron-Cousins 

magnitudes do not include the CaH filter, the instrumental magnitudes are used for CaH-r 

color indices. 

The R-I color index is graphed on the x-axis and differentiates between red stars 

and blue stars. Those with lower R-I values are warmer—and thus bluer—stars. Red 

dwarfs and red giants, however, both fall above a cutoff value of R-I > 0.7. To discern 

between the two groups of red stars, the color index CaH-r is graphed on the y-axis. The 

two classes separate from each other on the graph because of the differences in fluxes 

between the two types; red dwarfs will have a higher CaH-r value and, therefore, appear 

higher on the graph than red giants of equivalent R-I color. 

 

2.3 Calcium Hydride Filter 

In 1995 an efficient photometric system was developed in order to differentiate 

between M giants and M dwarfs. This system used standard Kron-Cousins R and I 

magnitudes along with an intermediate-band, 683nm (13nm FWHM), CaH filter to 

measure the broad absorption feature due to CaH molecules long used for spectral 

luminosity classification. The details of the development of this system are described by 

Robertson and Furiak (1995). Before the development of this system, two color diagrams 

were made with B-V versus V-I color indices. This technique is not efficient due to low 

flux in the B passband for cool, red stars.  Many CCD cameras have low sensitivity in the 

B band as well.  These diagrams had low sensitivity and flux in the blue passband along 

with the convergence of M dwarf and M giant branches outside a specific range, 1.2 < V-

I < 2.5 (Robertson 1998). 
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The CaH filter is in use with standard Kron-Cousins R and I filters at the SARA 

Observatory to determine luminosity classes of M stars. While the CaH filter may have 

an intermediate passband, it passes about six times the flux as the blue filter for M stars. 

The flux advantage for M stars clearly makes the intermediate-band CaH filter more 

efficient than broad-band B or U filters for luminosity classification (Robertson 2000). 

 

2.4 Plan of Selected Areas 

 In 1906, the Plan of Selected Areas was published by J. C. Kapteyn. The 

statement of purpose was “to bring together, as far as possible with such an effort, all the 

elements which at the present time must seem most necessary for a successful attack on 

the sidereal problem, that is ‘the problem of the structure of the sidereal world.’” (Blaauw 

and Elvius) This plan was to serve as a basis for observing the sky in an organized 

manner. Over the years the plan has contributed to research which has revealed our 

galaxy to be of finite size and has lead to the detailed properties of stellar spatial 

distribution (Blaauw and Elvius, 1965). 

 The Plan of Selected Areas consists of two parts—the Special Plan and the 

Systematic Plan. The Special Plan consists of forty-six areas of the sky located at points 

of interest. The Systematic Plan, on the other hand, consists of 206 areas equally 

distributed across the sky. These areas are at intervals of fifteen degrees in declination 

and spaced evenly in right ascension. Due to the unbiased way the Systematic Plan was 

developed, it has been given the most attention for research studies. Because of their 

uniform distribution on the sky, the Selected Areas of the Systematic Plan are particularly 

suitable for surveys at various galactic latitudes (Blaauw and Elvius). 
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2.5 Selected Area 124 

Selected Area 124 (SA124) was chosen because of its proximity to the galactic 

plane. With a galactic latitude of +11.3º, SA124 is near the galactic plane but not so close 

as to have the images cluttered with stars. A preliminary project performed by observing 

four fields within SA98 (galactic latitude 0.0º) showed that the observed areas contained 

twice as many stars as are contained in the seventeen fields of SA124 that have been 

observed for this project. Having fewer stars allows data processing to proceed more 

smoothly and analysis to be performed more thoroughly.  



 

 

 

3. Observations 

 

3.1 SARA 

The SARA consortium was formed in 1989 by members of four separate 

universities with the objective of bringing together institutions of higher learning with 

small astronomy and physics departments and whose faculty members were actively 

engaged in astronomical research. Funded by the National Science Foundation, SARA 

has run a Research Experiences for Undergraduates program since 1995 (“A Short 

History”). In 2005 Ball State joined SARA and gained access to the 0.9 m telescope 

located at Kitt Peak, AZ, the first major research telescope there. 

Our data was obtained using SARA’s Apogee U42 camera, which is a 2048 x 

2048 pixel CCD which is thermoelectrically cooled to between -17ºC and -20ºC. Our 

observations were made using 2 x 2 binning to decrease both readout time and file size. 

The binning set the plate scale to 0.77” per pixel and a field of view of 14’.  

 

3.2 Exposure Times 

A major concern during observation is the range of stellar brightness present in a 

single image. To help compensate for over- and under-exposure, we use three sets of 

exposures. One set gathers images for relatively bright stars (r ~ 8.5-10.3), another for 

moderately bright stars (r ~ 10.3-12.8), and the last set for the fainter stars which will 

contain the largest number of red dwarf stars (r ~ 12-15.3). Table 3.1 contains exposure 
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times for each set of magnitudes. By taking multiple sets with different exposure lengths 

we can account for different ranges of magnitudes. Short exposures collect accurate data 

for any bright stars, medium exposures for medium brightness stars, and long exposures 

for fainter stars. Taking multiple exposures of 25 individual fields, the total observation 

time is 7-8 hours.  

 
TABLE 3.1 

EXPOSURE TIMES FOR THE THREE MAGNITUDE RANGES 
 

R mag 
 

R 
(s) 

I 
(s) 

CaH 
(s) 

8.5-10.3 5 5 10 
10.3-12.8 15 10 90 
12-15.3 120 70 720 

 
Total Time 1045s 17mins 

 
 
A preliminary project was carried out in 2006 based on the same principles as this 

research. One goal was to use magnitude errors to determine the magnitude limits for 

each exposure set. The data were sorted by exposure set, as well as the uncertainty in the 

R-I value. Stars having uncertainties larger than three percent were removed from the 

data set. This step removed stars without well-determined magnitudes. Poorly-determined 

magnitudes were attributed to over/under exposure from specific exposure lengths of 

each set. It was determined that for the short, medium, and long exposure sets our prime 

magnitude ranges were 8.5-10.3, 10.3-12.8, and 12-15.3 respectively. The four fields 

observed during the preliminary project are shown in Figure 5.1. 
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FIG 3.1—Mosaic image of SA98. Four fields of twenty-five were observed as a preliminary 
project. 
 
 
Assuming an apparent limiting magnitude in the visual of approximately 15 and 

gathering information on the V-R values corresponding to absolute visual magnitudes, we 

can use a previously determined luminosity function for red dwarf stars to calculate an 

approximate number of stars that should be seen for a given absolute visual magnitude 

per unit volume of space (Cox 2000). Preliminary calculations involved our limiting 

magnitude, a range of absolute magnitudes, distances to stars at these magnitudes, and the 

number of red dwarfs we expect to find per cubic parsec of space for these distances.  

In Table 3.2 the first three columns show absolute visual magnitudes, typical V-R 

values for red stars, and corresponding absolute red magnitudes. The fourth column is the 
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calculation of the maximum distance to which these absolute magnitudes could be seen 

given our equipment and exposure times. Column five is the volume of space which a 

one degree square area contains for the corresponding distance. The last two columns are 

the corresponding luminosity function for visual magnitudes and the number of stars 

expected to be seen for the given absolute magnitude interval and volume of space. 

 
TABLE 3.2 

PRELIMINARY ESTIMATIONS OF UPPER LIMIT OF OBSERVABLE RED DWARFS PER SQUARE DEGREE 
log φ (MV) stars pc-3 MV

-1 
 

M(V) 
 

V-R 
 

MR 
 

D 
(pc) 

Vol 
(pc3) 

φ 
 

# of Stars 
 

8 1.1 6.9 417 7344 -2.41 29 ± 5.4 
9 1.3 7.7 291 2500 -2.32 12 ± 3.5 
10 1.5 8.5 201 828 -2.14 6 ± 2.4 
11 1.6 9.4 134 245 -1.99 3 ± 1.7 
12 1.8 10.3 89 72 -1.82 1 ± 1 
13 2.0 11.1 62 24 -1.9 0 
14 2.1 11.9 42 7 -2.0 0 
15 2.3 12.8 28 2 -2.0 0 
16 2.4 13.6 19 1 -2.1 0 
     Total 51 + 7.1 

  
 

One assumption made with this research is a constant luminosity function for 

changing galactic latitudes. By later applying our research techniques at different galactic 

latitudes we can determine if this is assumption holds true. If the assumption does not 

hold, then a new luminosity function as a function of galactic latitude can be established.  

A problem we face is poor telescope tracking during longer exposures. To deal 

with this issue, we have come to rely on the telescope’s autoguider which helps to track 

stars throughout exposures. The autoguider achieves this by taking short exposures of a 

single bright star and tracking it by constantly realigning the telescope to keep that star in 

a fixed location from one image to the next. 
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Over time, there have been repeated issues with the SARA telescope’s stability 

once it is pointed approximately 15º west of the local celestial meridian, at which time 

the telescope begins to oscillate. Mechanical defects in the telescope mount are most 

likely the cause of this oscillation. Due to these mechanical effects the amount of time 

dedicated to observing SA124 is limited each night. Atmospheric effects have also been 

considered. To account for this, observing begins each night when SA124 is between two 

and three hours east of the local celestial meridian. This reduces atmospheric effects 

because SA124 can be observed near its highest point. 

 

3.3 Mosaic Approach 

With the telescope and CCD camera we are using, we are limited to a field of 

view of fourteen arcmin. To be able to cover a one degree square area around our target 

we have observed twenty-five individual sections. With a field of view of fourteen 

arcmin our entire mosaic field will cover slightly more than one square degree—field 

centers are twelve arcmin apart producing image overlap regions between fields and 

allowing for telescope alignment errors or the flexibility to offset the telescope to find 

suitable guide stars. 

The mosaic image in Figure 3.2 was put together in Adobe Photoshop to illustrate 

the entire field that was observed. The program MaximDL is used to convert processed 

images into a format that Photoshop can handle. Several gaps in the image are likely 

caused by offsetting the telescope in certain fields in order to find appropriate guide stars. 

Additionally, the CCD camera was unintentionally rotated slightly in its new mount after 

an annual maintenance. 
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As of February 2009, all of the fields for SA124 had been observed. As explained 

in the appendix A.2, eight fields were found to be unusable. Our empirical field size has 

been decreased to approximately seventy-five percent of a full square degree of the sky. 

This lowers our expectations for the number of observed red dwarfs from fifty-one down 

to thirty-eight. This expectation is later refined further, as explained in section 6.3. 

 

 

   
A       B 

FIG 3.2—Mosaic images of SA124 made from images of individual fields. Mosaic A is compiled 
of all twenty-five imaged fields needed to observe a full square degree. Mosaic B shows the 
seventeen fields of these twenty-five that contain useable data, as described in Appendix A.2. This 
mosaic does not include images of fields I, K, L, M, N, O, P, and Y. 



 

 

 

4. Data Reduction 

 

4.1 Image Reduction and Analysis Facility 

Images taken during observations are stored on the College of Sciences and 

Humanities Beowulf cluster at Ball State University. This cluster, available to approved 

Ball State University faculty, students, and staff, as well as collaborators outside the 

university, is an exceedingly fast server able to store vast amounts of data.  

Each night, calibration frames are obtained prior to observing. The first in the 

sequence of calibration frames are the flat-field frames, used to remove artifacts left by 

distortion in the optical path. Five images are taken in each of the R, I, and CaH filters 

and later median combined forming a master flat-field frame for the respective filter. 

Median combining removes pixels with the highest and lowest values while the other 

remaining pixel values are averaged, eliminating any cosmic ray events and stars imaged 

in the field. 

  Twenty-five bias frames are then taken to establish the bias, or zero point level, 

and reduce the noise in this value due to the image readout process. Lastly, to calibrate 

for an inherent signal from the camera electronics, four to five dark frames are taken with 

exposure times of two hundred seconds. Image reduction is then done using the Image 

Reduction Analysis Facility (IRAF) software which is run through the Beowulf cluster.  

The daofind task within IRAF is used to detect objects in an image so that we do 

not have to manually define all stars in the given image. Then, the phot task is used to 
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perform aperture photometry on all stars found. The benefit of using the phot task is that 

it simplifies the process of performing photometry on multiple stars at once, rather than 

individually obtaining photometric data for each star. 

During observations, many standard stars are observed as well as our survey 

fields. By observing standard stars we can use the known magnitudes of these stars and 

the fitparams task to formulate a linear transformation equation. This task allows IRAF to 

convert instrumental magnitudes for program stars to magnitudes on the standard system. 

 
mr = (R)+r1+r2*XR+r3*RI+r4*RI*XR+r5*RI*RI+r6*TR (1) 

 
A sample transformation equation has been given above. Parameter r1 is a zero 

point correction and is a variable determined each night. The second and third terms have 

both been determined after many observations and are kept at constant values, with the 

second term accounting for atmospheric extinction and the third for a color correction. 

Parameter four is a modification for atmospheric absorption for varying colors  and is 

usually left at a constant value of zero except for the blue filter. The fifth term is a second 

order color correction that is never used. Lastly, the sixth term is an adjustment for any 

time effects that may be prevalent throughout the night. Time effects can be discovered 

by calculating magnitude residuals between our magnitudes and the catalog magnitudes 

and then plotting those values against time of observation. During this survey, no time 

dependent effects were found for the data. The invertfit task then inverts the 

transformation equation and uses our instrumental values to solve for R magnitudes and 

R-I color indices based on a standard system. 
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The output of invertfit gives a text file with information about all stars, including 

object designation, XY position on the image, magnitudes, and magnitude errors for each 

object. These data are then loaded into Excel for quick and easy manipulation of large 

data sets. Detections within twelve pixels of column 109 are eliminated, by sorting 

physical X coordinates, since this column is non-responsive and leads to inaccurate 

photometry. 

 

4.2 Image Stacking 

Initially we attempted to observe the twelve minute CaH exposure as one long 

exposure. Due to tracking difficulties, even with the autoguider, the decision was made to 

observe the twelve minutes as six two-minute exposures. These images are later 

combined using the imcombine task in IRAF. The imcombine task allows for a sum 

command that adds together pixel values for the images to be combined. Shorter 

exposures allow for better tracking so that horizontal and vertical shifts for the six images 

are negligible. This process also eliminates over-exposure problems for the bright stars. 

 

4.3 Visual Pinpoint Astrometry 

Several steps were used to compute the astrometric properties of our data. The 

long R exposures were first taken into the program Visual PinPoint and given World 

Coordinate System (WCS) information in the header. This information allows for the 

command within IRAF, imstar, to compute the right ascension (RA) and declination 

(DEC) for objects in the field. 
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 Visual PinPoint is the full version of the system that MaximDL uses for 

astrometry. This program allows for high precision WCS information to be added to the 

image headers. Visual Pinpoint utilizes the position of the center of a long R image and 

matches objects in our image to those of the HST Guide Star Catalog. On average, Visual 

Pinpoint matched twenty-two stars between our images and the Guide Star Catalog. The 

average radial residual between matched positions of our objects and those of the HST 

Guide Star Catalog is 0.23 arcseconds. This uncertainty is then broken into residuals in 

both RA and Dec of 0.16 arcseconds. Errors of this magnitude allow for precise online 

database matching. 

 In order to verify the internal errors associated with astrometric data for our 

program stars, the average residual—in both RA and Dec—is computed for matched 

objects found throughout image overlap regions. To do this, we average the difference in 

positions between an object and its match in an overlapping region. This uncertainty in 

position is on the order of 0.1 arcseconds in RA and 0.4 in Dec. 

One last verification of calculations executed through Visual PinPoint and imstar 

is carried out by matching our astrometric data of red stars with that of 2MASS. All 

matched objects have an average radial residual of 0.57 arcseconds. This can then be 

calculated into an error in both RA and Dec of 0.4 arcseconds. The small uncertainties 

found from our three astrometric position checks give us confidence in the precision of 

Visual PinPoint and imstar.



 

 

 

5. Data Analysis 

 

5.1 Luminosity Classification 

Two-color diagrams are plotted with CaH-r vs. R-I as shown in Figure 5.1. As in 

the HR Diagram, low temperature red stars are farther to the right on the graph. Stars 

having R-I < 0.7 are too warm to have sufficient CaH to permit luminosity classification. 

Stars having R-I > 0.7 separate into two groups with giants and dwarfs forming parallel 

sequences. Now the CaH-r values are used to distinguish between red giants and red 

dwarfs. This technique has been described before by Robertson and Furiak (1995), Croy 

et al. (2003), and Matney et al. (2003). Figure 5.1 shows our survey data and how we can 

make a distinction between these two branches. Of the 1,415 observed stars, nineteen are 

probable M dwarfs, while nineteen are probable M giants. 

Table 5.1 shows the data for these nineteen probable red dwarf stars. Twenty-

three probable red dwarfs were observed, but four of these stars have apparent red 

magnitudes above that of our limiting magnitude (R=15). Therefore, these stars are not 

counted for the total number of red dwarfs observed. However, the data for these objects 

has also been include in Table 5.1. 
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TABLE 5.1 
DATA FOR MOST PROBABLE M DWARFS 

 

Object mL mR R RI L-r 
RA 

(2000) 
DEC 

(2000) 

SA124G3-82 16.76 14.52 14.92 0.70 2.24 08:19:59.9 -15:36:30.0 

SA124V3-118 16.80 14.60 14.85 0.71 2.20 08:19:53.0 -15:16:45.5 

SA124W3-90 17.17 14.85 15.16 0.71 2.32 08:20:16.3 -15:24:01.0 

SA124D3-78 16.71 14.48 14.85 0.72 2.23 08:17:36.5 -15:26:12.2 

SA124R3-63 16.98 14.80 15.12 0.72 2.18 08:18:52.9 -15:50:18.9 

SA124B3-19 14.94 12.74 13.12 0.73 2.21 08:18:33.4 -15:16:03.4 

SA124B3-60 16.78 14.57 14.96 0.74 2.21 08:18:57.9 -15:13:23.3 

SA124E3-44 16.16 13.85 14.22 0.75 2.30 08:17:48.0 -15:45:05.7 

SA124W3-13 14.79 12.55 12.84 0.78 2.24 08:20:11.3 -15:32:36.7 

SA124F2-1 12.96 10.68 11.04 0.78 2.28 08:18:13.0 -15:46:41.4 

SA124F3-119 17.08 14.82 15.18 0.78 2.27 08:18:40.1 -15:46:40.4 

SA124E3-111 16.19 13.88 14.24 0.82 2.31 08:17:47.8 -15:45:12.6 

SA124U3-74 16.46 14.20 14.43 0.85 2.26 08:20:13.5 -15:35:03.2 

SA124D3-77 17.17 14.94 15.29 0.85 2.24 08:17:54.1 -15:28:41.8 

SA124X3-26 15.79 13.58 13.79 0.86 2.20 08:20:11.3 -15:07:19.4 

SA124J3-70 16.84 14.60 14.98 0.87 2.24 08:19:05.1 -15:00:49.8 

SA124C3-78 16.70 14.45 14.82 0.93 2.25 08:18:04.9 -15:13:53.3 

SA124J3-29 16.00 13.78 14.14 1.00 2.22 08:19:01.7 -14:58:28.3 

SA124V3-45 16.35 14.09 14.31 1.02 2.26 08:19:53.7 -15:22:45.8 

SA124G3-47 16.16 13.91 14.27 1.04 2.25 08:19:56.9 -15:34:41.6 

SA124B3-42 16.13 13.81 14.12 1.35 2.32 08:18:30.4 -15:15:22.6 

SA124F3-197 16.49 14.15 14.38 1.84 2.34 08:18:13.8 -15:34:24.2 

SA124H3-203 16.46 14.25 14.39 2.87 2.21 08:19:30.7 -15:23:52.5 
 

The downward-sloping group to the left of the R-I = 0.7 vertical line in Figure 5.1 

forms a trend that is part of the warmer stars in the main-sequence. Much of the scatter in 

this section is likely due to mixing luminosity classes and interstellar reddening effects. 

The CaH filter also passes six times the flux in the red as it does in blue for red stars. 

CaH exposure times are determined based on this fact causing the uncertainty in CaH 

magnitudes in warmer stars to increase. On the right side of the line, the red stars form 

two separate groups, similar to their separation in HR Diagram. 
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FIG 5.1—Two-color diagram of SARA photometric data showing the separation of the red dwarf 
and red giant branches. This divergence allows for luminosity classification. 

 
 

Using the instrumental magnitudes for CaH-r on the vertical axis allows for a 

separation of the cool, red stars into separate branches above R-I = 0.7. The branching is 

caused by the stronger CaH absorption in M dwarfs than in M giants. The vertical line in 

Figure 5.3 shows the cutoff for cool stars. R-I values lower than 0.7 correspond to stars of 

higher temperature where CaH cannot be used to determine spectral class.  

 The systematic trend for both branches to slope upwards at higher R-I values is 

caused by the presence of titanium oxide (TiO) absorption in addition to CaH absorption. 

In M-type stars one of the most prominent bands is that of the TiO molecule – absorbing 

in the visible, red and near infrared (Herzberg 1950). The TiO molecule forms much the 

same as CaH does in the atmosphere of stars. This wavelength begins to pass through the 
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CaH filter for high R-I values. This addition of absorption is nearly equal for both M 

dwarfs and M giants, causing both branches to slope upwards equally. 

 
 
5.2 Photometric Parallaxes 

A method to use R-I values to determine absolute red magnitude was published 

by Siegel et al. (2002) This method assumed that most of the stars observed in their 

research were faint dwarfs, which motivated them to find a color-magnitude relation in 

the R and I passbands. Parallaxes from the Hipparcos catalog and matching photometry 

from Bessell (1990) and Leggett (1992) were used to find this relationship. Their relation 

did find a discontinuity at R-I values of 1.0, however. Two separate trends had to be 

fitted to their data that allow absolute magnitude values to be found from R-I values. 

Figure 5.2 shows the data for Siegel et al with the solid lines showing their relation 

trends. The solid line in the data represents the polynomials they found. A small 

discontinuity can be seen at the R-I value of 1.0 (Siegel et al. 2002). 

 
MR = -6.862 + 61.375(R-I) – 108.875(R-I)2 

+ 90.198(R-I)3 – 27.468(R-I)4 
for the interval 0.4 ≤ R-I <1.0 

 
MR = -114.355 + 408.842(R-I) – 513.008(R-I)2 

+ 286.537(R-I)3 – 59.548(R-I)4 
for the interval 1.0 ≤ R-I < 1.5 

 
Using apparent magnitudes and calculated absolute magnitudes, the distance-

modulus can be applied to determine the distance to each star. The error in absolute red 

magnitude associated with the color-absolute magnitude relation is on the order of 0.2-0.3 

(2) 

(3) 



 

25 | P a g e  
 

magnitudes. An error in the absolute magnitude leads to systematic error in distance 

calculations (Siegel et al. 2002). 

 

FIG 5.2—Siegel et al. data with superimposed polynomials (Equations 2 and 3) used to convert R-I 
color indices to absolute magnitudes. There is a discrepancy between the polynomials at R-I = 1.0. 

 
 
5.3 Error Analysis 

 Standard stars are observed before, throughout, and after the survey data are 

taken. The standard deviation in these stars is calculated within IRAF and is a statistical 

error associated with the magnitude residuals—the difference between our instrumental 

values and the Landolt (1983, 1992) catalog values—and the polynomial from the 

fitparams task. This standard deviation is a measure of how accurate our transformation 

equation  is when converting instrumental values to a standard scale, and this process is a 

measure of the internal errors inherent in our observing. Because the standard star catalog 
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does not include CaH magnitudes, we need to understand the errors associated with all 

our data from the other filters. Instead we analyze the errors for the R and I filters in three 

separate ways, which allows us to estimate whether or not our CaH magnitudes are 

reliable. 

 The standard deviation, associated with our transformation equation, for each 

night of observing is given in Table 5.2. From this table we can expect an average error 

of ±0.025 in the R and ±0.030 in the I. Accounting for errors in R and I we can expect an 

error of ±0.039 in the R-I color index. This method assumes that the error in R and I are 

independent. While these errors are actually correlated by possible focusing issues—we 

focus the telescope with the R filter in place, which may not be the optimum focus point 

with the I filter—it does give an upper limit to the error approximation for R-I in program 

stars.  

 
TABLE 5.2 

STANDARD STAR ERROR CALCULATIONS 
 

Date STDEV (R) STDEV (I) STDEV (R-I) 
080226 0.033 0.047  
080227 0.023 0.028  
080323 0.028 0.029  
080417 0.019 0.030  
080423 0.020 0.018  
Average 0.025 0.030 0.039 

 
 
 To verify data between exposure sets and in image overlap regions, all data are 

sorted by RA, and residuals are calculated for RA and DEC between an object and the 

previous object in the list. Objects with low residuals lower than three arcsec are 
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considered to be repeated observations of a single star and are then categorized into two 

groups: multiple exposures and multiple fields. 

Due to the magnitude overlap regions in multiple exposure sets, we can estimate 

observational errors for this group and compare with errors determined for the standard 

stars. For example, 10.3  12.8 range for the medium exposure set and 12.0  15.0 for 

the long set (determined from preliminary work on SA98) has an overlap magnitude 

range of 0.8 from 12.0  12.8. Therefore, for the medium exposure set any objects 

observed within this 0.8 range are the faintest stars expected to be observed adequately 

for the respective exposure times, while the opposite is true for this range in the long 

exposure set, giving us the brightest stars expected to be adequately observed for the 

exposure time. After matching the stars in this range from multiple exposure sets, the 

multiple detection photometry values are averaged and the standard deviation is 

computed.  

 Additionally, we analyze the errors for multiple observations of stars in image 

overlap regions. This method is not limited to specific magnitude ranges, as with the 

magnitude overlap ranges, so all magnitudes can be matched for this error analysis 

process. By plotting the standard deviation of each matched pair versus the magnitude we 

can visually check if the errors continuously increase at higher magnitudes, which would 

indicate that we are not adequately observing faint stars. Again the average of the 

standard deviations for matched pairs is compared to the expected error of 0.025 and 

0.039 from the standard star calculations. 
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5.4 Online Database Matching 

 To better classify the probable M dwarfs, all data having R-I > 0.7 has been 

matched with the 2MASS online catalog through the VizieR Service. Astrometric 

positions are used as the input for matching with the 2MASS catalog, giving us H and K 

values as a result. This step is designed to duplicate the results from Mould and Hyland 

(1976) in which J-H vs. H-K two-color diagrams were plotted for near-infrared 

observations. Mould and Hyland found that for values of H-K = 0.2 two separate 

sequences could be seen. M dwarfs and giants, earlier than spectral type M0, form an 

identical sequence in their diagram but diverge into separate branches at later types 

(Mould and Hyland 1976). 

 

 

FIG 5.3—Two-color diagram of red dwarfs and red giants for comparable 2MASS data. The 
dotted line represents the trend of giants and dwarfs to form a similar sequence for values of H-K 
< 0.2. The solid lines illustrate the separation for dwarf and giant branches. 
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Figure 5.3 is the two-color diagram of the 2MASS data for our detections. As in 

Mould’s study, the two classes of stars form one identical sequence and then branch at H-

K > 0.2. This separation is similar to the method of luminosity classification used in our 

CaH-r vs. R-I two-color diagrams. By comparing the separation present in both methods 

of luminosity classification, we are employing an additional means of checking the 

precision of our method, and the similarity in the branching shown in both figures 

confirms our method’s accuracy. 



 

 

 

6. Results 

 

6.1 Multiple Exposure/Multiple Fields 

 The multiple exposures category contains approximately one hundred individual 

stars matching between exposure sets of the same field. Matched objects are 

predominately from the medium and long exposures, as the short and medium exposures 

only overlap exactly at a magnitude of 10.3. The standard deviation of R, R-I, and CaH-r 

is calculated for each matched object. The average of the standard deviations is compared 

to the average standard deviation of the standard stars. With over one hundred matched 

pairs, the average standard deviation for our data was approximately 0.014 and 0.016 for 

the R and R-I, respectively. Our magnitude overlap data suggests an error lower than 

expected. This method allows for determining if any data sets are imprecise; because 

exposure sets are taken only minutes apart, any standard deviations significantly higher 

than 0.020 could indicate that a portion of the data set is inaccurate. As such, high 

standard deviations for the fields observed on one night signaled us to disregard an entire 

night’s data. 

In order to analyze errors for image overlap regions, or multiple fields, we plot the 

standard deviation against the R magnitude for each matched pair. From Figure 6.1 it can 

be seen that the error does not increase at higher magnitudes. This step verifies our 

chosen exposures times and magnitudes ranges. If our exposure times and magnitude 
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ranges had been chosen poorly, then there would be obvious errors from over or under 

exposure.   

 

 

FIG 6.1—Average standard deviation plotted versus R magnitude for stars matched in image 
overlap regions. 

 
 

The main source of any discrepancies is most likely from unintended over and 

under exposure caused by variable seeing conditions. The magnitude overlap process is 

less affected by this issue because the images are taken on the order of one to ten minutes 

apart. On the other hand, image overlap regions can be affected by this because multiple 

fields were taken on different nights possibly months apart. Also, the image overlap 

occurs very near the edge of the images, and at the moment, work has not been done to 

understand if there are any effects from the focus possibly deteriorating outwards from 

the center of the image.  

There are approximately fifty objects matched in overlapping regions between 

fields. Standard deviations were again calculated for R, R-I, and CaH-r. The average of 
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the standard deviation for the R filter for all matched stars in this group is 0.020 which is 

lower than the 0.025 expected from the standard star errors. The R-I color index has an 

average error of 0.042, corresponding well with the 0.039 expected. The average error for 

the CaH-r color index is 0.04. In four cases, a given object has been matched in three 

separate fields. Three of these objects are too warm for accurate luminosity classification 

with the CaH-r index. Table 6.1 contains the data for the remaining red star. 

 
TABLE 6.1 

DATA FOR ONE OBJECT IN THREE FIELD OVERLAP REGIONS 
 

object mR R R-I CaH-r 
SA124F2-1 10.68 11.04 0.78 2.28 
SA124Q2-3 10.75 11.05 0.82 2.25 
SA124R2-5 10.75 11.06 0.81 2.24 

 
<R> <R-I> <CaH-r> 

11.05 0.80 2.26 
   

std(R) std(R-I) std(CaH-r) 

0.01 0.02 0.02 
 

 The typical error associated with magnitude overlap is 0.014 for the R filter, 0.016 

for the R-I color index, and 0.006 for the CaH-r color index, with these errors 

corresponding only to the specific overlapping magnitude ranges. The image overlap 

regions, however, allow us to determine uncertainties for all observable magnitude 

ranges. Low errors in photometric data across all magnitudes reveals no systematic trend 

as we approach higher magnitudes. Low errors such as these verify the exposure times 

and magnitude ranges chosen for this project. 
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6.2 Distance Determination 

The only objects that can have magnitudes calculated are the probable M dwarfs. 

Siegel et al. observed faint M dwarf stars and their color-magnitude relation only applies 

to this type of star. Figure 6.2 shows the absolute red magnitude plotted versus the R-I 

color index for our probable M dwarfs. As the R-I value rises the star becomes cooler, 

redder, and thus less luminous. As this occurs, the absolute red magnitude must go up and 

the star must be closer to be observed adequately. 

 

 

FIG 6.2—Absolute magnitudes for red dwarfs as determined by the use of the Siegel et al. 
polynomials (Equations 2 and 3). These magnitudes are then used for distance determination. 
Siegel et al. calculated that the error in absolute magnitude is 0.4 mag. 
 
 
To obtain distances to all observed red stars, we used the polynomials from Siegel 

et al. to calculate absolute red magnitudes. Using the calculated absolute magnitude and 

our observed apparent magnitude, the distance modulus is used to find the distance to 

each star. Errors in the color-absolute magnitude relationship are found using 
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Bevington’s (2003) method. Errors in R-I are propagated through the equations of Siegel 

et al. and combined with the 0.4 magnitude error associated with their polynomials. The 

error in absolute magnitude is then applied, along with the error in apparent magnitude, to 

the distance modulus.  

 
TABLE 6.2 

PROBABLE RED DWARF DISTANCE CALCULATIONS 
 

Object 
 

R 
 

RI 
 

M(R) 
 

Distance 
(pc) 

err D 
(pc) 

SA124G3-82 14.92 0.70 7.08 369 30 
SA124V3-118 14.85 0.71 7.14 348 28 
SA124W3-90 15.16 0.71 7.14 401 32 
SA124D3-78 14.85 0.72 7.16 345 28 
SA124R3-63 15.12 0.72 7.16 389 31 
SA124B3-19 13.12 0.73 7.21 152 12 
SA124B3-60 14.96 0.74 7.26 346 28 
SA124E3-44 14.22 0.75 7.27 245 20 
SA124O2-1 10.68 0.78 7.39 45 4 
SA124O2-8 12.75 0.78 7.39 118 9 

SA124W3-13 12.84 0.78 7.40 123 10 
SA124F2-1 11.04 0.78 7.40 53 4 

SA124F3-119 15.18 0.78 7.42 357 29 
SA124E3-111 14.24 0.82 7.56 217 17 
SA124U3-74 14.43 0.85 7.71 221 18 
SA124D3-77 15.29 0.85 7.72 327 26 
SA124X3-26 13.79 0.86 7.72 164 13 
SA124J3-70 14.98 0.87 7.78 275 22 
SA124C3-78 14.82 0.93 8.06 225 18 
SA124J3-29 14.14 1.00 8.36 143 11 
SA124V3-45 14.31 1.02 8.53 143 11 
SA124G3-47 14.27 1.04 8.61 135 11 
SA124B3-42 14.12 1.35 9.82 72 6 
SA124F3-197 14.38 1.84 

   SA124H3-203 14.39 2.87       
 
 

Table 6.2 shows the data for distances determined using this method. Distances 

could not be calculated for two of the M dwarfs due to the upper limit for the 

applicability of the Siegel et al. equations—the R-I values are beyond that upper limit for 
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the objects listed in the final two rows of the table. The data in this table is sorted low to 

high in R-I values so as to order by increasing absolute magnitude. 

 

6.3 Luminosity Function 

In Figure 5.1 the successful splitting of the red giant and red dwarf branches can 

be seen. This allows for an estimate of the number of red dwarf stars that have been 

observed, with our data suggesting that we have detected nineteen. This quick count can 

be made by using the graph or by separating out objects with R-I > 0.7 and with CaH-r 

values in the correct ranges. 

 
MV = -2.290 + 29.998(R-I) – 31.735(R-I)2  

+ 16.274(R-I)3 – 2.835(R-I)4 
 
 
 The research of Dawson and Forbes (1992) produced Equation 4, which allows 

the R-I color index to be used to find absolute visual magnitudes of stars. Figure 6.3 

shows the values for observed probable red dwarfs in each absolute visual magnitude 

range along with calculated errors for each object. Utilizing the Dawson and Forbes 

equation, we can compare the number of stars in each magnitude bin to the expected 

numbers seen in Table 3.2. 

(4) 
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FIG 6.3—Two-color diagram for probable red dwarfs with corresponding error bars. The error bars 
represent the average error calculated from image and magnitude overlap regions. Error in R-I = 
0.042 with the error in CaH-r = 0.040. Data has been binned to show how many stars are from 
each absolute visual magnitude. 
 

Table 6.3 lists the number of observed M dwarfs per magnitude range. Quantities 

in this table are similar to those of Table 3.2, which presented the expected number of 

observable M dwarfs in each range. The first row of Table 3.2 showed that we should 

expect to observe 29 ±5.4 M dwarfs for an absolute visual magnitude of eight. Table 6.3 

has a large discrepancy at this absolute visual magnitude for several reasons, the greatest 

of which is that approximately half of the magnitude range is restricted by the vertical 

line in Figure 6.3, representing R-I = 0.7. Consequently, we should not expect to have 

observed all 29 ±5.4 M dwarfs in this range because several of them will have R-I values 

that are too low for luminosity classification. The quantity that we have observed in this 
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range, 6 ±2.4, should therefore still be considered relevant despite not being close to the 

predicted amount. 

TABLE 6.3 
OBSERVED QUANTITIES OF M DWARFS IN SA124 

R-I Range Mv Quantity 

0.70-0.75 8.0 6 ±2.4 
0.76-0.95 9.0 8 ±2.8 
0.96-1.15 10.0 3 ±1.7 
1.16-1.31 11.0 0 ±0 
1.32-1.45 12.0 1 ±1 
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7. Conclusions 

 

For an M star, the presence of CaH is one indication that it is a red dwarf. By 

determining the number of dwarf stars of each absolute magnitude in a given volume of 

space, a luminosity function can be established for that region. Knowledge of this is 

essential to our understanding of galactic evolution. For SA124, which is near the 

galactic plane, the values of the luminosity function defined in Allen’s Astrophysical 

Quantities (Cox 2000) are the same as would be expected by our current estimates of the 

luminosity function. 

The early work done on SA98 and present work on SA124 will make future 

processing and handling of data proceed more smoothly. With time and the continued 

improvement of our photometric technique, we may also request the use of larger, more 

powerful telescopes to better aid our study. For now, the research on SA124 should 

continue efficiently, as observations are occurring more frequently and the initial 

obstacles have been overcome. Continuing from the preliminary testing of our 

photometric techniques applied to SA98, we are using the same techniques on other 

Selected Areas to map even more of our galaxy. Data processing has already begun on 

eight other Selected Areas, while fourteen more are planned for the future. Additionally, 

the astrometry matching macro which was written for this project will continue to be used 

for analysis of future Selected Areas, allowing quicker and more efficient matching of 

data sets.  
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The final area of the survey field for this project, taking into account the unusable 

data, is 50 by 62 arcminutes—minus a 13 by 26 arcminute rectangle from fields I and 

Y—leaving seventy-five percent of a full square degree observed. Overall, the limiting 

magnitude for the short exposure set is 10.3, the medium is 12.8, and the long is 15.0, 

examining different stellar brightness ranges for each of these sets. In these ranges we 

have found nineteen probable red dwarfs, one coming from the medium exposure set and 

eighteen from the long. 

While this project has been successful, further studies could be improved through 

the use of a mosaic camera. As the imaging of all twenty-five fields took approximately 

seven to eight hours, time could be saved by using a mosaic camera which could observe 

larger areas of the sky at one time. Additionally, larger aperture telescopes would allow 

us to reduce the observation times of these fields and look deeper into space. 

Though we can conclude that the luminosity function works well for finding red 

dwarfs near the galactic plane, in the future another luminosity function may need to be 

determined in order to better estimate how many red dwarfs may be found in areas 

outside the galactic plane. By mapping out the locations of red dwarfs in many directions, 

we can gain insight into the finely detailed structure of our galaxy. Through this 

understanding, it may be possible to develop a better awareness of the origin and 

evolution of our galaxy, while posing additional questions about its destiny. 
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Appendix 

 

TABLE A.1 
ASTROMETRIC POSITIONS FOR THE CENTER OF EACH FIELD USED FOR SA124 

 

Field RA DEC 

SA124A 08:18:36.0 15:28:30.0 

SA124B 08:18:36.0 15:16:30.0 

SA124C 08:17:46.2 15:16:30.0 

SA124D 08:17:46.2 15:28:30.0 

SA124E 08:17:46.2 15:40:30.0 

SA124F 08:18:36.0 15:40:30.0 

SA124G 08:19:25.8 15:40:30.0 

SA124H 08:19:25.8 15:28:30.0 

SA124I 08:19:25.8 15:16:30.0 

SA124J 08:18:36.0 15:04:30.0 

SA124K 08:17:46.2 15:04:30.0 

SA124L 08:16:56.4 15:04:30.0 

SA124M 08:16:56.4 15:16:30.0 

SA124N 08:16:56.4 15:28:30.0 

SA124O 08:16:56.4 15:40:30.0 

SA124P 08:16:56.4 15:52:30.0 

SA124Q 08:17:46.2 15:52:30.0 

SA124R 08:18:36.0 15:52:30.0 

SA124S 08:19:25.8 15:52:30.0 

SA124T 08:20:15.6 15:52:30.0 

SA124U 08:20:15.6 15:40:30.0 

SA124V 08:20:15.6 15:28:30.0 

SA124W 08:20:15.6 15:16:30.0 

SA124X 08:20:15.6 15:04:30.0 

SA124Y 08:19:25.8 15:04:30.0 
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TABLE A.2 
DATE OF OBSERVING SESSION FOR EACH FIELD 

 

Date Observed Identifier 
2008 Feb 26 SA124D  

SA124E 
SA124F 

2008 Feb 27 SA124A  
SA124B  
SA124C 
 SA124G 
 SA124H 
SA124J 

2008 Mar 23 SA124Q  
SA124R  
SA124S  
SA124T 

2008 Apr 17 SA124V  
SA124W 

2008 Apr 23 SA124U 
 SA124X 

2009 Feb 13 SA124I 
 SA124K 

2009 Feb 27 SA124L  
SA124M  
SA124N  
SA124O  
SA124P  
SA124Y 

 

 



 

43 | P a g e  
 

A.1 U42 Camera Binning 

During an observing session on February 27, 2009, an unforeseen error occurred 

with the SARA camera software. It was found that certain images were not being binned 

2x2 by the CCD camera. Un-binned images were flat-field, dark, and bias-corrected 

separately from binned images and then binned by using the blkavg task within IRAF. 

This command is used to sum together pixel values in the same way a CCD camera 

integrates pixel values as they are read out. Photometry was performed before and after 

the binning process to confirm the validity of the data. Instrumental magnitudes, 

specifically in the R filter, for the ten brightest objects in each un-binned image were 

compared to their binned counterparts. Standard deviations between the two sets were 

found to be near one percent on average. This low standard deviation proved the data to 

be usable for the project. 

 

A.2 SARA Sensitivity Changes 

When reducing data in IRAF, the zero point offset is set to produce instrumental 

visual magnitudes close to the standard visual magnitudes in order to assist star 

identification. The zero point offset was not reset in the software after the August 2008 

annual renovation of the SARA telescope. It was found that the change in sensitivity is 

reflected in the zero points for the least squares reductions in Figure A.1, which shows 

the old and new data plotted together.  

Approximately 520 stars define the new series while 1350 define the old series. 

The equations of these linear plots indicate that the SARA telescope now records 1.34 
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magnitudes fainter for the same exposure time. The renovation had improved the light 

gathering power by a factor of 3.4 (2.5121.34). 

 
FIG A.1—Photometric data trends before and after SARA’s annual renovation. 

 

Because of the renovation, our old exposure times will change the magnitude 

ranges for each exposure set, causing unintended overexposure for objects we would 

have been able to adequately observe. Figure A.2 is a two-color diagram showing the 

discrepancy between data taken before and after the annual renovation. A previously 

unseen trend has emerged since the inclusion of the new data set. The data set has now 

been disregarded because of this trend, which can not be explained without further 

investigation. This further decreases the number of red dwarf stars we expect to have 

observed. 
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FIG A.2—Two-color diagram of all photometric data collected. The solid overlaid black line 
represents the trend of the new data set taken after SARA’s annual maintenance.  
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