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ABSTRACT

EXPANDING THE STANDARD STAR LIBRARY USING CCD

PHOTOMETRY

Jacob J. Albretsen
Department of Physics and Astronomy

Master of Science

We report on observations using the Cousins V RI photometric system.
Sixty-seven standard stars are used for 13 nights to determine solutions for 58
program stars. The purpose for these solutions is to expand standard star data
sets for the Cousins V RI system and make quantitative comparisons between pho-
tomultiplier and CCD observations. Program stars fall into the magnitude range
16.508 < V < 10.480 and in the color range 0.043 < (V — R) < 1.532 and 0.074
< (R—-1) < 1.575. Comparisons with photomultiplier results from Landolt [10]
show a 6.4 mmag mean residual statistically for R — I, but no significant offsets

for V and V — R.
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Chapter 1

Introduction and Background

One major aim of observational astronomy is to make precise, quantita-
tive measurements of the electromagnetic energy in a specified wavelength region
received from astronomical objects. This process of measuring the intensity distri-
bution, color, interstellar reddening, spectral energy distribution, and other quan-
tities of interest is called photometry. To obtain consistent results from diverse
instrumental systems, a consistent calibration process must be applied to raw mea-
surements. Note the measured flux of a star, F), is related to the actual stellar

flux, FY, outside the earth’s atmosphere by

Fy= [ 64006r(N)6r(NepN) E (A)dA (1.1)

where

®a(A) = fractional transmission of the earth’s atmosphere

¢r(\) = fractional transmission of the telescope

¢r(\) = fractional transmission of the filter

op(N\) = efficiency of the detector (1.0 corresponds to 100 percent)

and each of these quantities is a function of wavelength (A) [7]. Note that each
function ¢ depends on the particular instrumental system being used.

The calibration process corrects raw measurements to the values they would
have had if a certain standard passband were being used. There are several sets

of standard passbands, each transmitting a range of wavelengths and peaking at
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Figure 1.1: Passbands For Various Filters
Figure taken from Graham [8]

an approximately central wavelength. Individual standard passbands are referred
to by letters such as U, B, V, R, or I. Examples of these standard passbands are
shown in Figure 1.1. In practice, astronomers commonly correct their measure-
ments to two or more of these passbands.

Many standard systems using all or a selection of the UV BRI passbands
have been developed and expanded by various astronomers. Certain stars measured
in these systems serve as baseline comparisons for measurements in other diverse
photometric systems. These stars are known as standard stars. They must be
stable, meaning that the intensity of light observed from them must be constant.

One of the standard systems that has been used for almost 50 years is a
UBYV system developed by Johnson and Morgan [1]. Further refinements to this
system were published by Johnson and Harris [3] and by Johnson [4]. Many of

these standard stars are located near the celestial equator and thus are accessible



from both hemispheres. Using the Johnson UBV system, Landolt [5] published
an extensive list of standard stars. A RI system was published by Kron, White,
and Gascoigne [2]. This system was later modified and extended to include the V'
passband by Cousins [6]. The V' passband used by Cousins was the same as that
used in the Johnson UBV system.

The Cousins system was originally limited to stars in the southern hemi-
sphere, but was later extended to the equatorial region by Landolt [9]. Thus,
astronomers in both hemispheres have access to UBV RI standard stars using the
combined systems of Johnson and Cousins. However, the UBV RI system was
originally derived from and intended for measurements made using a photomulti-
plier (PM). For each PM measurement, a single, isolated star had to be selected
due to the nature and design of PMs. Most stars chosen were relatively bright,
although some observations did include fainter stars. With current charge coupled
devices (CCDs), observations of standard stars can now be made in greater num-
bers. Moreover, they can include fainter stars because an entire field of selected
standard stars may now be imaged at once. Thus, it becomes important to deter-
mine if standard systems built around PM observations need to be re-calibrated

for CCD observations.






Chapter 2

Observations and Data

Observations for this project were conducted at the Cerro Tololo Inter-
American Observatory (CTIO) from December 1993 through October 1995 by
Professor Michael D. Joner of Brigham Young University. All data were secured on
the 0.91 meter (36 inch) telescope on the Cassegrain focus (f/13.5, 16.7 arcsec/mm).
A summary of observation dates and equipment used is outlined in Table 2.1.

All the CCD’s were cooled by liquid nitrogen and controlled by a system
built by CTIO called Arcon. The CCD’s were divided so that each quadrant was
read out by one of four different amplifiers and later combined into a single complete
image using reduction software on site. All of the filter sets which were used include
V, R, and I Cousins filters. It should be noted that during the October 1995 run,
the I filter in the set had been changed from the one used previously due to gradual

degradation of the original filter.

2.1 Primary Fields

Six fields are selected to improve current values for standard stars and also
to increase the standard star library for this study. The fields are Selected Areas
(SA) 98, 102, 106, 110, 114, and M67. Table 2.2 lists the fields and outlines the



Table 2.1: Observation Dates and Equipment

Dates CCD Chip Filters Arcon Version
December 17 - 20, 1993 Tek1024 #2 TEK-2 3x3 3.0
May 21 - 26, 1994 Tek1024 #2 TEK-2 3x3 3.0
January 14 - 22, 1995 Tek1024 #2 TEK-2 3x3 3.2
March 10 - 15, 1995 Tek1024 #2 TEK-2 3x3 3.2
October 8 - 14, 1995 Tek 1k #2 TEK-2 3x3 3.2

number of exposures taken in the primary fields for each filter. In addition, labeled

star maps for each primary field are provided.

2.2 Secondary Fields

Secondary fields are used in the reductions mainly for extinction purposes.
These fields include E2X, E358W, E4hqr, LMC57, and Selected Area 187. Some
are also used as standard fields, resulting in an increased number of fields where
additional standard star values can be determined. Table 2.3 outlines the number

of exposures taken in the secondary fields for each filter. Labeled star maps for

each secondary field are also provided.



Table 2.2: Number of Exposures for Primary Fields

Field

Night

V Filter

R Filter

I Filter

SA98

SA102

SA106

SA110

SA114

M67

December 17 - 18, 1993
December 18 - 19, 1993
December 19 - 20, 1993
January 17 - 18, 1995
October 08 - 09, 1995
October 09 - 10, 1995
October 12 - 13, 1995
October 13 - 14, 1995
December 17 - 18, 1993
December 18 - 19, 1993
December 19 - 20, 1993
May 24 - 25, 1994
January 17 - 18, 1995
March 11 - 12, 1995
March 12 - 13, 1995
March 13 - 14, 1995
May 24 - 25, 1994
March 12 - 13, 1995
March 13 - 14, 1995
May 24 - 25, 1994

May 25 - 26, 1994
October 08 - 09, 1995
October 09 - 10, 1995
October 12 - 13, 1995
October 13 - 14, 1995
December 17 - 18, 1993
December 19 - 20, 1993
May 24 - 25, 1994

May 25 - 26, 1994
October 08 - 09, 1995
October 09 - 10, 1995
October 12 - 13, 1995
October 13 - 14, 1995
December 18 - 19, 1993
December 19 - 20, 1993

w
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Total

160

152

146




Table 2.3: Number of Exposures for Secondary Fields

Field Tape V Filter R Filter I Filter
E2X December 17 - 18, 1993 10 10 10
December 19 - 20, 1993 11 10 10
January 17 - 18, 1995 13 11 11
E358W March 11 - 12, 1995 5 5 5
October 09 - 10, 1995 10 10 10
E4hgra December 18 - 19, 1993 11 9 9
March 12 - 13, 1995 14 14 14
LMC57 March 11 - 12, 1995 5 5 5
March 13 - 14, 1995 9 9 9
GDT71 December 17 - 18, 1993 3 2 2
December 18 - 19, 1993 3 2 2
SA187  October 12 - 13, 1995 15 15 15
October 13 - 14, 1995 13 13 13
Total 122 115 115
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Figure 2.1: Selected Area 98 Star Map
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Figure 2.2: Selected Area 102 Star Map
RA: 10:55:25.80 DEC: -1:22:56.40  (2000)
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Figure 2.3: Selected Area 106 Star Map
RA: 14:40:56.00 DEC: -0:20:16.30  (2000)
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Figure 2.4: Selected Area 110 Star Map
RA: 17:27:25.80 DEC: -44:56:25.60  (2000)
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Figure 2.5: Selected Area 114 Star Map
RA: 22:41:34.50 DEC: 1:11:11.70  (2000)
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Figure 2.6: M67 Star Map
RA: 8:51:15.90 DEC: 11:47:49.70  (2000)

14



Figure 2.7: E2X Star Map
RA: 4:04:19.70 DEC: -44:41:36.80  (2000)
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Figure 2.8: E358W Star Map
RA: 6:41:29.80 DEC: -45:21:57.50  (2000)

16



« - h3
h4 -« s
& : I'-h
L] r-q- =
hi-e *- h2 I a-al
q
. .
»
™ -
N ™ . ll

Figure 2.9: E4hqr Star Map
RA: 9:23:54.80 DEC: -45:24:18.60  (2000)
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Figure 2.10: LMC57 Star Map
RA: 5:48:10.80 DEC: -64:21:37.00 (2000
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Figure 2.11: Selected Area 187 Star Map
RA: 23:50:01.80 DEC: -44:44:11.40  (2000)
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Chapter 3

Reductions

The process of reducing the data is done in two major steps. The first step
includes the initial reductions done at CTIO on entire groups of frames secured
during a given night. The software package IRAF is used for these reductions.
The second step involves the analysis of individual stars on a given frame. This is
done using IRAF and another software package called BIGPHOT. The following

is a detailed description of the role each software package plays in data reduction.

3.1 IRAF

The reduction of data frames, also called object frames, begins at CTIO.
To successfully extract useful data from object frames, several types of calibration
must be performed. These different types of calibration frames will later be applied
to object frames.

Initial reduction on data frames is done by IRAF (Image Reduction and
Analysis Facility), a software system for the reduction and analysis of astronomical
data. IRAF is written and supported by a group at the National Optical Astronomy
Observatories (NOAQO) located in Tucson, Arizona.

Using the Arcon controller, a CCD that is used for observation takes every

frame and divides it into four quadrants. This technique decreases the time it

21



takes for the computer to extract data from the CCD and begin the next image
exposure. Four different amplifiers are used to read the CCD from each of the four
quadrants. The IRAF software contains the package QUADPROC, which insures
data will be useful by correcting each quadrant to a constant level across the entire
detector.

Every exposed frame will have a gradient of the bias level (see Zero Frames),
and thus a way to correct for this must be included. This type of correction is known
as overscan. Each exposure has a thin strip of pixels on its edge not exposed to
light that can be used to calculate the gradient so that each frame can have this
correction. Once this correction is made, each frame undergoes what is called a
trim correction so that object and calibration frames will not include the strip of
pixels used for overscan. These corrections are also done in IRAF.

In addition to these corrections, there are three types of calibration frames
that must be taken and applied in turn to object frames. These are known as
zero (or bias) frames, dark frames, and flat frames. Multiple types of calibration
frames are taken, combined, and then applied in the order zero, dark, and flat using
various packages in IRAF. The following explains each of these types of calibration

frames in greater detail.

3.1.1 Zero Frames

Zero or bias frames are used to take a reading of the chip. This reading
is used to detect the zero exposure bias level for each individual pixel. In other
words, this calibration will set the zero point for each individual pixel. If each pixel
is thought of as a bucket which collects light, this reading is used to determine the
minimum amount of light that is in the bucket at all times. There is no exposure

time involved; hence, they can be applied to any object frame taken with any filter.
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Figure 3.1: The combined flat field above shows how dust particles can produce
unwanted rings in images.

3.1.2 Dark Frames

Dark frames are used to take a reading of thermal noise on the chip during
an exposure time equal to that of object frames. This is done by taking an actual
exposure, but keeping the shutter on the CCD camera closed. Exposure times for
dark frames must equal the exposure time of the object frames they are applied to.
However, darks can usually be scaled if needed. CCDs used for the observations
are cooled by liquid nitrogen, and are thus kept at extremely cold temperatures.

As a result, dark frames are seldom needed for calibration.

3.1.3 Flat Frames

Flat frames are used to quantify the sensitivity across the CCD chip because
no two pixels respond in exactly the same way. A method must be used so that
every pixel can be counted evenly. In addition to such variations in sensitivity,

defects such as dust on telescope mirrors can affect images as shown in Figure 3.1.
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Flat frames are used to remove such effects. Flat frames are taken about one half
hour after sunset, before object frames can be taken. The telescope is pointed
in a part of the sky opposite the setting sun and exposed for an amount of time
sufficient to get a good idea of the response of each pixel. This is done to insure
the exposure time is neither too short nor too long, either of which would result in
saturating the CCD. Flat frames must be taken for each filter and only applied to

object frames of the same filter.

3.1.4 BYU

After performing the initial reduction on data frames, IRAF is used to
produce initial values of apparent magnitudes for the desired stars on the BYU
campus. Several reduction packages are included in IRAF such as APPHOT,
which uses aperture photometry, and DAOPHOT, which employs a point spread
function in order to produce a three dimensional representation of the data on the
CCD. APPHOT is used to produce data on the desired stars for this research. A
list of important APPHOT IRAF parameters to reduce data is shown in Table 3.1.

All parameters are set by running the ctio.cl script shown in Appendix A.

3.2 BIGPHOT

BIGPHOT, known as the “sasquatch of reduction programs”, was pro-
gramed in FORTRAN 77 by Dr. Benjamin Taylor [12] of BYU to reduce raw
photometric data. BIGPHOT uses a library of standard values (or standard stars)
for magnitude and color from Landolt [9] that have been expanded upon by BYU
astronomy research similar to this project. These values serve as a baseline for anal-
ysis. Star fields in this research include both stars with standard values contained

in the library as well as additional stars, known as program stars, to be analyzed
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Table 3.1: IRAF Parameter Values

Parameter Description Value
centerpars calgorithm Centering algorithm centroid
cbox Centering box width in scale units 5
cthreshold Centering threshold in sigma above back- 0
ground
minsnratio Minimum signal-to-noise ratio for centering 1
algorithm
cmaxiter Maximum number of iterations for center- 10
ing algorithm
maxshift Maximum center shift in scale units 3
clean Symmetry clean before centering no
rclean Cleaning radius in scale units 1
rclip Clipping radius in scale units 2
kclean Rejection limit in sigma 3
datapars scale Image scale in units per pixel 1
fwhmpsf FWHM of the PSF in scale units 2.5
emission Features are positive yes
noise Noise model poisson
readnoise ~ CCD readout noise in electrons 0
epadu Gain in electrons per count 1
exposure Exposure time image header keyword EXPTIME
airmass Airmass image header keyword AIRMASS
filter Filter image header keyword SUBSET
obstime Time of observation image header keyword UT
fitskypars  salgorithm Sky fitting algorithm centroid
annulus Inner radius of sky annulus in scale units 50
dannulus Width of sky annulus in scale units 5
smaxiter Maximum number of sky fitting iterations 10
sloclip Lower clipping factor in percent 0
shiclip Upper clipping factor in percent 0
snreject Maximum number of sky fitting rejection 50
iterations
sloreject Lower K-sigma rejection limit in sky sigma 3
shireject Upper K-sigma rejection limit in sky sigma 3
khist Half width of histogram in sky sigma 3
binsize Binsize of histogram in sky sigma 0.1
smooth Boxcar smooth the histogram no
rgrow Region growing radius in scale units 0
photpars  weighting  Photometric weighting scheme for wphot constant
apertures  List of aperture radii in scale units 30
zmag Zero point of magnitude scale 25
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and eventually added to this library provided they show the characteristics needed
for a standard star.

To obtain meaningful results, a BIGPHOT data file for each night must
be created using information produced by IRAF reductions. This is done by per-
forming a number of modifications to information produced by IRAF using various
spreadsheets and text editors. An example of a data file to be input into BIGPHOT
is shown in Appendix B.

To produce numbers for a BIGPHOT file, extinction for each night must
be estimated. The extinction coefficient for a given night reflects atmospheric

conditions for that night. Specifically, the extinction coefficient is defined as follows:

Am = af (3.1)

where Am is light loss in magnitudes, « is the extinction coefficient, and ( is a
projection factor, also known as airmass, which is unity at the zenith and increases
approximately as the secant of the zenith angle.

Extinction can be determined by observing the same field of stars through-
out a given night at several different airmass values. Often this field of stars
contains standard stars since they are known to be stable. Inputting and plotting
airmass versus apparent magnitude in a spreadsheet program and then performing
a linear regression on the data can give a good estimate of extinction as shown in
Figure 3.2.

Once data files are prepared for each night, BIGPHOT uses standard stars
contained in object frames to determine the zero point, an improved value of the
extinction coefficient, and color coefficients for Cousins V RI equations using least
squares. These coefficients are then applied to the program stars. Standard star

values used for initial reductions are shown in Table 3.2. For the record, BIGPHOT
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Figure 3.2: Extinction Example

is capable of also doing the same thing for the DDO equations and Stromgren-beta
equations with their respective standard systems. The equations for the Cousins

V RI system specifically are as follows:

(V — U) = kV,l + /CV,Q(V — R) + O!C y (32)
(U — 7') - k(V—R),l + k(V_R),2(V — R) + OzC s (33)
(7“ — Z) = k(R—I),l + k(R_[)’Q(R - I) + CYC s (34)
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where

v, r,and ¢ = apparent magnitude for respective filters (reduced)

V, R,and I = standard magnitude for the respective filters

o} = extinction coefficient during a given night for a pass-
band or color

¢ = airmass during the observation

k1 = respective zero point term, and

k2 = respective color correction term

Rearranging is required for equations 3.3 and 3.4 to apply these equations in a

matrix form in BIGPHOT:

1 ko
(V- R) = v—r)— VRL @ (3.5)
kv—r)2 kv_ry2 ky-r)p2
1 kip_
(R—1) = (r—i)— S@®=DL_ @ (3.6)
k(R_I)72 k(R_I)zQ k(R_I)52

V magnitudes and V — R and R — I color indices are given with rms errors
by BIGPHOT. These errors determine whether the data are precise enough to be
added to the standard star database.

BIGPHOT is designed to reject what is determined to be wild points using
the Thompson ¢ test as shown by Taylor and Joner [11]. Reasons for bad data
can include atmospheric fluctuations, intrinsic variation, or the location of a back-
ground star at the edge of the aperture. This results in the number of observations
for a given star’s magnitude and color not always being exactly the same. The

number of observations for magnitude and color are shown in Table 3.3.
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Table 3.2: Initial BIGPHOT Standard Star Values

Magnitude / Color (mag) Magnitude / Color (mag)

Star v V_.R R-1I Star v V-_R R-1I
SA98-653 - 0.007 - M67-F124 12115  0.278 0.280
SA98-670  11.932  0.727 0.659 M67-F127  12.765 0.330 0.321
SA98-675  13.394 1.079 1.007 M67-F130 - 0.289 0.292
SA98-676  13.067 0.683 0.679 M67-F132  13.092  0.347 0.327
SA98-685  11.959  0.290 0.288 M67-F134  12.258 0.337 0.333
SA98-696  12.197 0.239 0.292 M67-F135 11.433 0.554 0.498
SA102-58 9.365  0.044 0.015 M67-F149  12.534 0.341 0.331
SA102-A 11.857  0.479 0.455 M67-F170 - 0.698 0.623
SA102-B 13.408 0.412 0.403 M67-11 10.499  0.338 0.330
SA102-C 12724 0.325 0.293 M67-15 13.664 0.313 0.349
SA102-D 11.577  0.447 0.398 M67-111 13.012  0.350 0.335
SA102-E 13.597  0.319 0.307 M67-1198 - 0.332 0.322
SA106-542 10.580 0.299 0.298 M67-1199 - 0.337 0.318
SA106-545 14.037 0.424 - E2-X4 13.776  0.494 0.478
SA106-548 13.492 0.575 0.519 E2-X6 12.759  0.348 0.331
SA106-550 13.199  0.553 0.513 E2-X8 12.804 0.436 0.420
SA106-553 13.315  0.397 0.358 E2-X9 13.900 0.465 0.443
SA106-A 14.867 0.417 0.434 E358-WX1 11.422 0.568 0.477
SA110-496 13.007 0.612 0.638 E358-WX2 11.998 0.399 0.403
SA110-497 14.161 0.631 0.669 E4-h 13.754  0.408 0.401
SA110-499 11.736  0.602 0.681 E4-h1 13.666  0.416 0.414
SA110-502 13.329 1.373 1.259 E4-q1 11.447  0.311 0.308
SA110-503 11.776 0.370 0.438 LMC57-A  10.545  0.329 0.322
SA110-504 14.004 0.798 0.704 LMC57-B 12.508 0.874 0.786
SA110-506 11.325 0.332 0.327 LMC57 C  12.094 0.351 0.337
SA110-507 12.456 0.624 0.572 LMC57-D  11.306 -0.127  -0.156
SA114-654 11.850 0.371 0.347 LMC57-E 13.627 0.354 0.357

SA114-656 12.641 0.544 0.514 SA187-A 11.837  0.710 0.573
SA114-750 11.913 0.030  -0.017 SA187-B 14.089  0.389 0.381

SA114-751 14.412 0.412 0.423 SA187-C 11.817  0.489 0.463
SA114-752 12.772 0.414 0.391 SA187-D 13.748 0.418 0.368
M67-F81 10.027 -0.032  -0.036 SA187-E 11.434 0.108 0.118
M67-F105 0.654 0.577 SA187-F 14.442  0.478 0.455

M67-F117  12.625 0.464 0.436
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Table 3.3: Number of Observations

Star V. V~.R R-1I Star V. V~-.R R-1I
SA98-646 10 10 10 M67-F108 0 5 5
SA98-652 34 36 36 M67-F164 2 7 7
SA98-666 34 36 36 M67-18 2 7 7
SA98-688 34 36 36 M67-112 2 7 7
SA98-A 34 36 36 M67-1111 2 7 7
SA98-B 34 36 36 M67-1112 2 7 7
SA98-C 4 6 6 M67-IV2 2 7 7
SA98-E 34 36 36 M67-IV3 2 7 7
SA98-F 34 36 36 M67-1V4 2 7 7
SA98-G 34 36 36 M67-IVS 2 7 7
SA98-1 14 16 16 M67-IV13 2 7 7
SA98-L 34 36 36 M67-IV20 0 4 4
SA98-M 14 16 16 E2-X1 20 28 28
SA98-N 34 36 36 E2-X3 20 30 30
SA98-0O 34 36 36 E2-X7 20 30 30
SA98-Q 34 36 36 E358W-A 14 14 14
SA98-T 14 16 16 E358W-B 14 14 14
SA98-V 4 6 6 E358W-D 14 14 14
SA102-F 24 28 28 E358W-E 14 14 14
SA102-G 24 28 28 E358W-G 14 14 14
SA106-D 6 6 6 E358W-H 14 14 14
SA106-E 6 6 6 E358W-1 14 14 14
SA106-H 6 6 6 E358W-L 14 14 14
SA110-A 24 24 24 E4-h2 23 23 23
SA114-A 26 28 28 E4-h3 19 19 19
SA114-B 26 28 28 E4-h4 23 23 23
SA114-C 21 23 23 E4-q 23 23 23
SA114-D 26 28 28 E4-r 23 23 23
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Chapter 4

Statistics and Results

The first step in the quality-control process described above is to discard any
program star that has a rms error (o) greater than 20 mmag (0.02 mag). Possible
reasons justifying exclusion include variability in the star, not enough observations
of the star, or the star was simply too faint. As a result, 18 of 74 stars adopted
initially as program stars are discarded.

It is then necessary to determine how closely measured standard-star values
match the assumed values used in the BIGPHOT reduction. This is done by

calculating the t-statistic (¢) and the number of degrees of freedom (v):

_ [residual (4.1)
Ve
v = number of observations — 1 (4.2)

The residual is the mean deviation from the assumed standard star magnitude or
color that was measured and o is the error in the mean. Both are measured in
mmag. The value of 3 mmag compensates for a possible uncertainty in the assumed

standard star values in the reduction. Hence, the net sum of the squares for the
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values is produced in the denominator. Using 3 mmag is fairly conservative for the
standard-star data used.

The resulting ¢ values can then be used to determine a confidence level A or
a false-alarm probability p. For rejection of a given residual, A should be 95 percent
or greater, or p should be 5 percent or less. Unfortunately, if one uses tables, p
and A must be determined by interpolation. Fortunately there are resources on
the internet to assist with determining p [14]. Once p-statistics are determined,
the Benjamini - Hochberg [13] algorithm for multiple hypothesis testing is applied
to determine which residuals have values large enough to be rejected at 95 percent
overall confidence.

After determining magnitudes and colors of stars having a statistically sig-
nificant P-statistic, modifications to accepted values of the standard star values
used for the reduction are adjusted, and the entire BIGPHOT solution is run
again. Modifications made to standard star values are shown in Table 4.1.

Resulting magnitudes, colors, and statistics of the second BIGPHOT solu-
tion are compared to the first solution. Modifying standard star values has little
effect on results of the program stars. However, the standard stars that are modified
should be noted and monitored in future research for possible intrinsic variation.
Tables 4.2 through 4.12 show the resulting program star (Type P) magnitudes and
colors along with their corresponding o for the final BIGPHOT reduction using
the modified standards (Type S).

Mean residuals for 20 stars between BIGPHOT results and those published
by Landolt [10] are shown in Table 4.13 . This test is to determine if there is a
statistically significant difference between CCD photometry for this paper and PM
photometry done by Landolt. Residuals weighted by inverse variances are averaged

to produce entries in the table. The V magnitude and V' — R color appear to have no
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significant difference. However, it appears that R — I shows a statistical difference
of 6.4 mmag at better than 99.9 percent confidence. Further measurements will be

required to investigate this problem.

Table 4.1: Modifications to Standard Star Values

Star V (mmag) V — R (mmag) R —I (mmag)

SA102-58 +15 - -
SA102-A - - -12
SA102-B - +12 -
SA102-C -10 - +19
SA106-545 -22 -39 -
SA106-A - +35 -29
SA110-496 - -10 -20
SA110-497 -13 +12 -
SA110-499 - +10 -
SA110-504 - - +30
SA110-507 - - +20
SA114-656 -11 - -
SA114-750 - -10 -
SA114-751 - - -19
M67-F132 - +21 -
M67-1199 - -19 -
E2-X4 - -13 -
E2-X6 - - +15
E2-X8 - - +11
E358-WX1 - -14 -
LMC57-A - - -19
LMC57-B - -14 -
LMC57-C -16 - -
SA187-A - -15 -
SA187-B - - -20
SA187-F +11 -13 -11
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Table 4.2: Selected Area 98 Standard and Program Star Values

Magnitude / Color (mag) Sigma (mag)
Star v V-_R R-I Vv V—-R R-I Type

SA98-646 15.767 0.551 0.541 | 0.0163 0.0183 0.0196
SA98-652 14.718  0.343 0.370 | 0.0049 0.0052 0.0068
SA98-653 - 0.007 - - 0.0009 -

SA98-666 12.719  0.088 0.116 | 0.0019 0.0018 0.0019
SA98-670 11.932 0.727 0.659 | 0.0028 0.0019 0.0022
SA98-675 13.394 1.079 1.007 | 0.0045 0.0045 0.0024
SA98-676 13.067 0.683 0.679 | 0.0043 0.0042 0.0029
SA98-685 11.959  0.290 0.288 | 0.0029 0.0024 0.0024
SA98-688 12.757 0.165 0.203 | 0.0019 0.0018 0.0019
SA98-696 12.197 0.239 0.292 | 0.0040 0.0024 0.0041
SA98-A 14.852  0.423 0.401 | 0.0055 0.0069 0.0051
SA98-B 14.657  0.400 0.396 | 0.0050 0.0052 0.0054
SA98-C 15.948 0.541 0.541 | 0.0065 0.0131 0.0153
SA98-E 14.592  0.443 0.500 | 0.0034 0.0044 0.0050
SA98-F 14.130 0.621 0.587 | 0.0033 0.0035 0.0028
SA98-G 14.776  0.377 0.417 | 0.0048 0.0051 0.0046
SA98-I 15.066  0.483 0.523 | 0.0101 0.0130 0.0121
SA98-L 13.677  0.359 0.341 | 0.0019 0.0024 0.0022
SA98-M  15.504 0.345 0.398 | 0.0106 0.0126 0.0120
SA98-N 14.466  0.586 0.560 | 0.0029 0.0042 0.0032
SA98-0O 13.833  0.226 0.247 | 0.0022 0.0035 0.0037
SA98-Q 14.458  0.356 0.362 | 0.0039 0.0044 0.0038
SA98-T 14.759  0.856 0.834 | 0.0121 0.0088 0.0047
SA98-V 15.037 0.421 0.451 | 0.0086 0.0083 0.0104
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Table 4.3: Selected Area 102 Standard and Program Star Values

Magnitude / Color (mag) Sigma (mag)
Star V V-R R-I Vv V—-—R R-I Type

SA102-58 9.365  0.044 0.015 | 0.0015 0.0014 0.0012
SA102-A  11.857 0.479 0.443 | 0.0031 0.0030 0.0039
SA102-B  13.408 0.424 0.403 | 0.0036 0.0048 0.0110
SA102-C  12.734 0.325 0.312 | 0.0031 0.0038 0.0053
SA102-D  11.577  0.447 0.398 | 0.0042 0.0026 0.0050
SA102-E  13.597  0.319 0.307 | 0.0044 0.0042 0.0118
SA102-F  13.996 0.406 0.351 | 0.0082 0.0101 0.0081
SA102-G  14.057 0.475 0.448 | 0.0104 0.0098 0.0051

T N RN n
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Table 4.4: Selected Area 106 Standard and Program Star Values
Magnitude / Color (mag) Sigma (mag)

Star %4 V-R R-1 |4 V-R R-1I Type
SA106-542 10.580 0.299 0.298 0.0060 0.0053 0.0069 S
SA106-545 14.059 0.385 - 0.0052 0.0070 - S
SA106-548 13.492 0.575 0.519 0.0051 0.0084 0.0056 S
SA106-550 13.199 0.553 0.513 | 0.0063 0.0060 0.0174 S
SA106-553 13.315 0.397 0.358 0.0063 0.0060 0.0069 S
SA106-A 14.867  0.452 0.405 | 0.0055 0.0086 0.0263 S
SA106-D 14.953 0.544 0.500 | 0.0092 0.0092 0.0047 P
SA106-E 15.304  0.386 0.369 | 0.0045 0.0085 0.0152 P
SA106-H 15.319  0.523 0.456 | 0.0180 0.0155 0.0100 P

Table 4.5: Selected Area 110 Standard and Program Star Values
Magnitude / Color (mag) Sigma (mag)

Star \%4 V-R R-1I |4 V—-_R R-I Type
SA110-496 13.007 0.622 0.706 0.0023 0.0032 0.0064 S
SA110-497 14.174  0.643 0.669 0.0041 0.0065 0.0103 S
SA110-499 11.736  0.612 0.681 | 0.0038 0.0024 0.0024 S
SA110-502 12.329 1.373 1.259 0.0028 0.0029 0.0022 S
SA110-503 11.776 0.370 0.438 | 0.0039 0.0022 0.0023 S
SA110-504 14.004 0.798 0.734 | 0.0028 0.0027 0.0054 S
SA110-506 11.325 0.332 0.327 | 0.0042 0.0021 0.0024 S
SA110-507 12.456 0.624 0.592 | 0.0040 0.0040 0.0077 S
SA110-A 15.360  1.017 1.044 | 0.0097 0.0130 0.0063 P

Table 4.6: Selected Area 114 Standard and Program Star Values
Magnitude / Color (mag) Sigma (mag)

Star V V-R R-I | V V_-R R-T Type
SA114-654 11.850 0.371 0.347 | 0.0033 0.0027 0.0028 S
SA114-656 12.652 0.544 0.514 | 0.0052 0.0023 0.0033 S
SA114-750 11.913 0.020 -0.017 | 0.0025 0.0019 0.0035 S
SA114-751 14.412 0.412 0.404 | 0.0042 0.0049 0.0132 S
SA114-752 12.772 0.414 0.391 0.0046 0.0024 0.0049 S
SA114-A 15.024 0.654 0.547 | 0.0068 0.0090 0.0073 P
SA114-B 15.119  0.355 0.372 | 0.0058 0.0078 0.0108 P
SA114-C 14.993  0.429 0.471 0.0059 0.0104 0.0141 P
SA114-D 15.676  0.453 0.400 0.0097 0.0134 0.0192 P
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Table 4.7: M67 Standard and Program Star Values

Magnitude / Color (mag) Sigma (mag)

Star v V-_R R-1 \%4 V-_.R R-I Type
M67-F81 10.027  -0.032  -0.036 | 0.0033 0.0020 0.0036
M67-F105 - 0.654 0.577 - 0.0022 0.0023
M67-F108 - 0.723 0.633 0.0048 0.0051

M67-F117 12.625 0.464 0.436 | 0.0047 0.0050 0.0059
M67-F124 12.115 0.278 0.280 | 0.0047 0.0036 0.0061
M67-F127 12.765 0.330 0.321 | 0.0035 0.0043 0.0033
M67-F130 - 0.289 0.292 - 0.0042 0.0046
M67-F132 13.092  0.347 0.348 | 0.0031 0.0027 0.0037
M67-F134 12.258 0.337 0.333 | 0.0044 0.0029 0.0027
M67-F135 11.433 0.554 0.498 | 0.0031 0.0024 0.0027
M67-F149 12.534 0.341 0.331 | 0.0023 0.0022 0.0030
M67-F164 10.544 0.569 0.526 | 0.0078 0.0040 0.0043
M67-F170 - 0.698 0.623 - 0.0023 0.0027
M67-11 10.499  0.338 0.330 | 0.0040 0.0032 0.0036
M67-1I5 13.664 0.313 0.349 | 0.0078 0.0061 0.0051
M67-18 10.480  0.564 0.504 | 0.0078 0.0040 0.0043
M67-111 13.012  0.350 0.335 | 0.0057 0.0045 0.0092
M67-112 12702 0.306 0.292 | 0.0078 0.0080 0.0097
M67-1198 - 0.332 0.322 - 0.0052 0.0038
M67-1199 - 0.318 0.318 - 0.0040 0.0058
M67-1I11  12.699  0.342 0.359 | 0.0078 0.0040 0.0080
M67-IIT2  12.857  0.299 0.293 | 0.0078 0.0040 0.0063
M67-IV2  13.491 0.330 0.343 | 0.0078 0.0085 0.0130
M67-IV3  13.256  0.332 0.329 | 0.0078 0.0066 0.0096
M67-IV4  12.728 0.331 0.310 | 0.0078 0.0040 0.0043
M67-IV5S  13.272  0.368 0.333 | 0.0078 0.0040 0.0071
M67-IV13  12.807 0.335 0.300 | 0.0078 0.0040 0.0048
M67-IV20 - 0.539 0.503 - 0.0053 0.0057
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Table 4.8: E2 Standard and Program Star Values

Magnitude / Color (mag) Sigma (mag)

Star |4 V-R R-I v V-R R-1I
E2-X1 12.645 0.406 0.372 0.0025 0.0020 0.0022
E2-X3 14.234 0.155 0.171 | 0.0041 0.0035 0.0038
E2-X4 13.776 0.494 0.465 | 0.0036 0.0029 0.0051
E2-X6 12.759  0.348 0.346 | 0.0029 0.0029 0.0085
E2-X7 14.685 0.831 0.722 0.0035 0.0030 0.0026
E2-X8 12.804 0.436 0.431 0.0029 0.0028 0.0067
E2-X9 13.900 0.465 0.443 | 0.0057 0.0035 0.0091

@
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Table 4.9: E358W Standard and Program Star Values

Magnitude / Color (mag) Sigma (mag)
Star V V-R R-I ] V V-R R—1 Type

E358-WX1 11.422 0.554 0.477 | 0.0022 0.0021 0.0024
E358-WX2 11.998 0.399 0.403 | 0.0039 0.0021 0.0029
E358W-A  11.568 0.043 0.074 | 0.0030 0.0044 0.0039
E358W-B  14.520 0.327 0.359 | 0.0076 0.0086 0.0093
E358W-D  12.459 0.613 0.578 | 0.0030 0.0029 0.0030
E358W-E  14.516 0.322 0.325 | 0.0073 0.0084 0.0125
E358W-G  14.257  0.359 0.333 | 0.0047 0.0063 0.0084
E358W-H  13.662 0.496 0.476 | 0.0038 0.0061 0.0030
E358W-1 14.175  0.273 0.289 | 0.0051 0.0057 0.0062
E358W-L 14.239  0.508 0.486 | 0.0058 0.0082 0.0033
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Table 4.10: E4 Standard and Program Star Values

Magnitude / Color (mag) Sigma (mag)

Star V V-_R R-I v V—-R R-I Type
E4-h  13.754 0.408 0.401 | 0.0056 0.0043 0.0048
E4-h1 13.666 0.416 0.414 | 0.0039 0.0032 0.0033
E4-h2 14.257 0.561 0.476 | 0.0023 0.0022 0.0024
E4-h3 14.495 0.437 0.425 | 0.0025 0.0024 0.0028
E4-h4 14.692 1.532 1.575 | 0.0102 0.0039 0.0024
E4-q 16.185 0.644 0.617 | 0.0085 0.0113 0.0102
E4-q1 11.447 0.311 0.308 | 0.0020 0.0019 0.0022
E4-r 16.508  0.755 0.758 | 0.0089 0.0166 0.0131

Ww YUY Y®nw®;m
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Table 4.11: Selected Area 187 Standard Star Values

Magnitude / Color (mag) Sigma (mag)

Star 1% V-R R-1 \% V—-—R R-1I Type
SA187-A 11.837 0.695 0.573 0.0022 0.0024 0.0023 S
SA187-B  14.089 0.389 0.361 0.0049 0.0037 0.0052 S
SA187-C 11.817 0.489 0.463 0.0031 0.0021 0.0026 S
SA187-D 13.748 0.418 0.368 | 0.0037 0.0026 0.0048 S
SA187-E 11.434 0.108 0.118 | 0.0027 0.0020 0.0023 S
SA187-F 14.432 0.465 0.444 | 0.0040 0.0038 0.0070 S

Table 4.12: LMC57 Standard Star Values
Magnitude / Color (mag) Sigma (mag)
Star 1% V—-R R-1 v V—-—R R-1 Type

LMC57-A  10.545  0.329 0.303 | 0.0029 0.0028 0.0033 S
LMC57-B  12.508  0.860 0.786 | 0.0026 0.0024 0.0028 S
LMC57-C  12.110 0.351 0.337 | 0.0026 0.0024 0.0036 S
LMC57-D 11.306 -0.127  -0.156 | 0.0026 0.0024 0.0034 S
LMC57-E  13.627  0.354 0.357 | 0.0025 0.0027 0.0072 S

Table 4.13: CCD Versus PM Data

Filter / Color Mean (mmag) Sigma (mmag) Notes
|4 -0.5 1.4 SA98-652 omitted
V-R 0.9 14 SA98-652, SA110-497, SA114-750
omitted
-0.9 1.5 SA98-652, SA110-497 omitted
R—-1T 6.4 1.4 SA110-497, SA110-504 omitted
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Chapter 5

Conclusion

Sixty-seven standard stars are used for 13 nights to determine solutions for
58 program stars. The Cousins V RI standard library is expanded by these 58
stars in 9 different star fields. The program stars fall into the magnitude range
16.508 < V < 10.480 and in the color range 0.043 < (V — R) < 1.532 and 0.074
< (R—-1) < 1.575. Stars whose standard values are modified during reductions do
not significantly change determined values of program stars. However, they should
be noted and watched in future investigations. Comparisons between PM results
from Landolt [10] and this paper show no significant difference for V' magnitude
and V — R color. A 6.4 mmag difference statistically is found for R — I at better
than 99.9 percent confidence. Further measurements will be required to investigate

this problem.
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Appendix A

Included here are two scripts used to aid with data reduction. The script
ctio.cl is used to set the desired parameter values inside the APPHOT IRAF soft-
ware package. The code for ctio.cl is as follows:

centerpars.calgorithm = "centroid"
centerpars.cbox = 5.
centerpars.cthreshold = 0.
centerpars.minsnratio = 1.
centerpars.cmaxiter = 10
centerpars.maxshift = 3.
centerpars.clean = no
centerpars.rclean = 1.
centerpars.rclip = 2.
centerpars.kclean = 3.
centerpars.mkcenter = no
datapars.scale = 1.
datapars.fwhmpsf = 2.5
datapars.emission = yes
datapars.sigma = INDEF
datapars.datamin = INDEF
datapars.datamax = INDEF
datapars.noise = "poisson"
datapars.ccdread =
datapars.gain =
datapars.readnoise = 0.
datapars.epadu = 1.
datapars.exposure = "EXPTIME"
datapars.airmass = "ATIRMASS"
datapars.filter = "SUBSET"
datapars.obstime = "UT"
datapars.itime = 1.
datapars.xairmass = INDEF
datapars.ifilter = INDEF
datapars.otime = INDEF
fitskypars.salgorithm = "centroid"
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fitskypars.annulus = 50.

fitskypars.dannulus = 5.
fitskypars.skyvalue = 0.
fitskypars.smaxiter = 10
fitskypars.sloclip = 0.
fitskypars.shiclip = 0

fitskypars.snreject = 50
fitskypars.sloreject
fitskypars.shireject
fitskypars.khist = 3.
fitskypars.binsize = 0.1
fitskypars.smooth = no
fitskypars.rgrow = 0.
fitskypars.mksky = no
photpars.weighting = "constant"
photpars.apertures = 30.
photpars.zmag = 25.
photpars.mkapert = no

o
w w

The filter.cl script was used to quickly assign keywords in image file headers from
those used at CTIO to those used at BYU. The code for filter.cl is as follows:

This script was written by Phil Warner and tested and tweaked by
Jacob Albretsen. The purpose is to add "SUBSET" of the right
filter to CTIO images that use the keyword "FILTER2" with a lower
case letter to designate the filter. To use the script, create

a list of the .fits or .imh files in the directory where they are
at named "filelist". (ex: 1ls *.fits > filelist). Then type
"filter" to make it work. (Make sure the proper task is added to
your login.cl file).

H OH H OH H OH H H

list = "filelist"
string f
string val

while (fscan(list,f) != EOF)

{
imgets (f, "FILTER2")
if (imgets.value == "v")
val = "y
else if (imgets.value == "b")
val = "B"
else if (imgets.value == "r")
val = "R"
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else if (imgets.value == "i")
val = "I"
hedit (f, "SUBSET", val, add+, ver-)
}
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Appendix B

Included is a sample file with individual star information produced by IRAF
to be input into the BIGPHOT program.

JONER CTIO CCD: 05/24-25/1994
30000 BP220 O O 2449497 VRI
OBSERVATORY LATITUDE = -30.16 DEAD TIME FACTOR = 0.100E-07

102-58 D 1.151 1240509 1210041 570690 1 22 56 46
102-58 D 1.151 1238226 1216746 571742 1 22 56 46
102-58 D 1.151 1239367 1211156 571742 1 22 56 46
102-58 D 1.151 1233673 1218990 570690 1 22 56 46
102-A D 1.151 127292 181134 130137 1 22 56 46
102-A D 1.151 126474 182306 130017 1 22 56 46
102-A D 1.151 126824 182810 130737 1 22 56 46
102-A D 1.151 126824 179639 130017 1 22 56 46
102-B D 1.151 32449 40365 28445 1 22 56 46
102-B D 1.151 32509 40888 28471 1 22 56 46
102-B D 1.1561 30761 43053 28734 1 22 56 46
102-B D 1.151 29458 41687 29027 1 22 56 46
102-C D 1.151 54350 72111 44422 1 22 56 46
102-C D 1.151 54651 70404 45206 1 22 56 46
102-C D 1.151 57491 70081 44586 1 22 56 46
102-C D 1.151 54150 69952 44916 1 22 56 46
102-D D 1.151 163983 230994 155453 1 22 56 46
102-D D 1.151 163832 231846 156603 1 22 56 46
102-D D 1.151 163230 229509 156459 1 22 56 46
102-D D 1.151 162480 230781 155740 1 22 56 46
102-E D 1.1561 25728 33947 19178 1 22 56 46
102-E D 1.151 24774 30507 20249 1 22 56 46
102-E D 1.151 25398 31915 20361 1 22 56 46
102-E D 1.151 24592 31275 20663 1 22 56 46
102-F D 1.151 17881 22993 15893 1 22 56 46
102-F D 1.151 16520 237256 15937 1 22 56 46
102-F D 1.151 17378 22615 15849 1 22 56 46
102-F D 1.151 18180 23099 15374 1 22 56 46
102-G D 1.151 17669 22574 16889 1 22 56 46
102-G D 1.151 17155 26235 16672 1 22 56 46
102-G D 1.151 17314 20951 16688 1 22 56 46
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