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Abstract

The Southern African Large Telescope (SALT) has recently been completed and is
currently in the instrumentation commissioning phase. One of the things that must
be ensured is that the imaging data that come from SALT are within specifications
and that any faults are picked up as soon as possible. To do this, a procedure must be
instituted every night (or even several times a night) to check the performance of the
detector, Charge Coupled Device (CCD) cameras. A key design requirement is that
we need to monitor the bias during the night. This allows us to quantify the change
in the signal due to the CCD itself. Finally, a quick reduction process must be made
to check if the signal-to-noise ratio of a given observation is within specification.

In this thesis a review of CCDs and their characteristics, the SALT Imaging Camera
(SALTICAM), Flexible Image Transport System (FITS) and photometry is provided.
Bias frames were obtained for several days using SALTICAM at Sutherland, using
three binning factors (i.e. the unbinned (1x 1), and binnings of 4 x 4 and 9 x 9 pixels).
The variations of the intensity of the overscan and the bias regions as a function of
time were determined from these bias frames. The variations were correlated with
the CCD temperatures and a pattern in the bias was determined. The effect of
aperture size on photometry was checked using the IRAF/DAOPHOT package on
the artificial frames. The fiducial magnitude of artificial stars was compared with
magnitude determined from aperture photometry and profile-fitting.

il
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Chapter 1

Introduction

This thesis is divided into two parts. The first part, Part I, presents the background
needed for this work while the second part, Part II, presents the tests and applications
to both the real SALT data and simulated data.

e Part
This part consists of four chapters:

— Chapter 2
Provides an introduction to Charge Coupled Devices (CCDs) and their
characteristics. This introduction to CCDs explains how CCDs are read
out, the calibration of the bias level, dark current and the use of the flat
fields. The readout noise and the gain of the CCD are also explained.

— Chapter 3

Gives a detailed description of the SALTICAM camera and an overview
of the software that is employed to operate the SALTICAM camera.

— Chapter 4
Provides a general description of the Flexible Image Transport System
(FITS) and a discussion of the image extension. CCD coordinate trans-
formations are also presented in this chapter.

— Chapter 5

Discusses photometry in general and some photometric packages that have
been developed over the years, including the IRAF! /SALT software pack-
age for reduction of the SALT photometric data.

IRAF is the Image Reduction and Analysis Facility, a general purpose software system for
the reduction and analysis of astronomical data. For more information visit the IRAF website
http:/ /iraf.noao.edu/



e Part II

The second part of the thesis presents original work undertaken for this thesis.
Conclusions and recommendations are also presented at the end of this part.

— Chapter 6
Deals with tests that were performed on the SALTICAM CCDs, the method
that was used to obtain the data and the results that were obtained.

— Chapter 7

Presents results of stellar photometric analysis (aperture versus psf-fitted)
using an artificially generated sparse stellar field.
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Chapter 2
Charge Coupled Device (CCD)

2.1 Introduction

In this chapter, a discussion of the Charge Coupled Device (CCD) in general and of
the practical issues that must be dealt with when observing with CCDs (see McLean
1989 and Howell 2000) are presented. In the late 1960s, the CCD was developed as
a memory device for storing data. It was only later that the CCD’s capabilities as a
light detector were discovered. The CCD is an array of coupled capacitors, which is
used to store charge. The charge is generated by the photoelectric effect and can be
transferred to neighbouring capacitors.

The CCD is constructed on a silicon wafer. Silicon is a semi-conductor with a
valence band and a conduction band. An electron can move from the valence band
to the conduction band leaving a hole (an unoccupied site) in the valence band.
This silicon wafer has a large numbers of tiny light sensitive squares each surrounded
by a non-conducting boundary, thus forming a large number of tiny potential wells
(photosites), each corresponding to a pixel in the final image. The sensitivity of
a CCD is wavelength-dependent, e.g. longer wavelength photons, ~700 nanometers
(nm), penetrate deeper into the silicon wafer compared to shorter wavelength photons,
(~400 nm). This led to the development of different types of CCDs such as the back-
illuminated and the front-illuminated CCD. The back-illuminated CCD has better
sensitivity at shorter wavelengths than the front-illuminated CCD and vice versa. In
the front-illuminated CCD, photons are absorbed in the top layer of the wafer, while
in the back-illuminated CCD photons are absorbed primarily in the bottom layer, as
the name suggests.

The popularity of the CCD is due in part to its superior quantum efficiency (the
effectiveness of the detector in converting the incident photons into charge) and better
linearity of the response of the detector to light when compared with traditional
photographic plates. CCDs also have better quantum efficiency when compared with



photomultiplier tubes. Further advantages over traditional detectors are the ability
to record two-dimensional images, to integrate for long exposure times and a larger
dynamical range (the ratio of the maximum to minimum detectable light intensity).
All of these factors make the CCD a better detector than the photographic plate and
the photomultiplier tube. However, for scientific purposes CCDs have to be cooled
to very low temperatures, ~140 K. This reduces the thermal motion of electrons in
the CCD and hence the electronic noise, allowing for high precision measurements.

2.1.1 Operation of CCDs

When taking an exposure of a star for example, photons from the star strike the silicon
wafer on the CCD detector as previously described. These photons eject electrons
from the valence band into the conduction band and are stored in the photosites.
After an exposure, these electrons have to be transferred to the readout devices.
This is achieved by a process called clocking in which the voltage on the photosite is
reduced and the voltage on the adjacent photosite is increased so that the electrons
can be transferred to the neighbouring photosite.

As these electrons are shifted down the columns, they reach the bottom of the
array. At the bottom of the array there is another row of photosites called the
serial register which is connected to the readout devices (i.e. the amplifier and the
analogue-to-digital (A/D) converter). As electrons enter the serial register, the same
clocking process is used again to shift the electrons along the serial register onto the
on-chip amplifier. The on-chip amplifier amplifies the signal which is then digitized
in the A/D converter and stored in the computer. The next row now enters the serial
register and is transferred to the readout devices in the same way. This process of
shifting the electrons down the columns and along the serial register is repeated until
all the photosites are read out and data transfer is complete.

2.2 Bias Level

When a photon strikes the silicon wafer, it knocks an electron from the valence band
into the conduction band as explained previously. When this electron leaves the
valence band it creates an electron-hole pair. To prevent this pair from recombining
in a short space of time, a voltage is applied to the electrode structure attached to the
silicon, creating a potential well for the electron to fall into. Applying this voltage
to the chip will fill the photosite with electrons, even if no light is present (McLean
1989). The number of these electrons does not increase with time.

Since the A/D converter can only deal with positive values, applying an offset value
helps to avoid negative numbers in the output signal. This additive value represents
the zero level in the counts. CCD electronics are set to provide a positive offset
value for each image that is obtained, by using an overscan region located on one



side of the CCD imaging region (Howell 2000). This offset value is called the bias
level or overscan level. The bias level should not change with time provided the
electronics remains unchanged. However, variations in the CCD temperature can
cause variations in the bias level.

2.2.1 Overscan and Prescan

The bias region mentioned above can either be an overscan region or a prescan region,
An overscan region is generated at the end of readout of a row of pixels. On the other
hand, a prescan region is generated before the readout of a row. The overscan/prescan
region is not a physical region on the CCD chip. No pixels are present in these
regions; instead the overscan/prescan levels are generated by the electronics. Sending
additional clock cycles to the electronics (e.g. 522 x 522 instead of 512 x 512) will
create these pseudo pixels (see Howell 2000). The resulting image will consist of a
row of pseudo pixels adjacent to the real image, forming a region called the overscan
(or prescan) region which shows how the bias level varies from row to row.

2.2.2 Bias frame

A bias frame is a zero-second exposure frame that is taken with the shutter of the
camera closed, in which the resulting frame simply contains the bias level. The
distribution of counts in the frame will centre on the mean bias level and will have a
spread depending on the readout noise. The readout noise is produced specifically by
the on-chip amplifier in a properly operating system. Averaging several consecutive
bias frames one can obtain a good bias frame.

2.2.3 Bias-corrected frame

When taking an exposure of a star for a certain exposure time, the resulting frame
(let us call this frame the astronomical frame) will contain the star light, bias level
and some other noise (e.g. the readout noise, the photon noise, the thermal noise and
the shot noise) at readout time. In order to isolate the star light one has to remove
all the other effects of the CCID, the bias level being one of those effects. This bias
level can be obtained by computing the average of the pixels for a row in the overscan
region. However, this bias level will be for that particular row. The bias level may
vary with row number in the CCD array. This can be seen by plotting the mean bias
level for the row as a function of row number. To obtain the best estimate of the bias
at a given row, one fits a low-order polynomial to the mean bias level plotted against
row number. The bias at a given row, as obtained from the fit is then subtracted
from the astronomical frame to remove the bias level at that row.

In a perfect CCD, removing the bias level using the overscan (or prescan) region
in the way described above should remove the bias from the entire frame. However,

6



because of imperfect electronics, there may be some residual pattern in the bias-
subtracted frame. We can test this by using the overscan (or prescan) region to
remove the bias in the bias exposure. The resulting frame should be flat and have
zero mean. If not, the overscan-corrected bias frame needs to be subtracted from
astronomical frames. To obtain a good estimate of the pattern it is important to
average a large number of bias frames to obtain a master bias frame which can be
used to correct for this effect.

2.3 Dark Current

Thermal excitation within the silicon wafer on the CCD causes electrons to be ejected
from the valence band to the conduction band. These electrons are collected in
the photosites, and they are counted as part of the signal. The offset caused by
these electrons on the signal is called the dark current. A frame taken with the
shutter closed for a certain exposure time at a specific temperature called the dark
frame, is used to remove these dark current electrons from the astronomical frame.
Ideally, a dark frame has to be taken at the same temperature and the same exposure
time as the astronomical frame. The statistical fluctuations in the dark frame are
known as dark current noise. Dark current in a CCD can be represented with this
expression (McLean 1989) :

D=C 718 e-—Eg/(ZkT)’ (21)

where k is the Boltzmann constant, T is the operating temperature of the CCD, E, is
the silicon gap energy, C is a constant and it can be evaluated at room temperature
T == 300 K. The constant, C, is given by

Iy P,

C= q 108 e—Eq@FT0)

and FE, varies with the operating temperature of the CCD, is given by

7.021 x 107472

By = L1557 — ——oo—

Substituting C' and the value of the gap energy E, we get

1
D= —q—IoPse'(T"”T)"g'gﬁ, (2.2)

where D is the dark current given in electrons per pixel per second, I is the dark
current at room temperature Tp, T is the operating temperature of the CCD, P, is the
pixel size and q is the charge on the electron. Dark current falls to about one-third of
its previous value each time the temperature is reduced by 10 degrees Celsius, since
dark current strongly depends on the temperature. Thus, it is important to cool the

7



CCD down to a very low temperature to reduce dark current. This was particularly
true in the earlier generations of CCDs (in the 1980s). For more recent CCDs, the
dark current is negligible thanks to better quality control of the silicon substrate, and
improvements in the manufacturing process, so it is not even important to subtract
the dark frame from the astronomical frame. The dark frame consists of bias noise
and the thermal noise, this means that we have to subtract the bias level from the
dark frame.

2.3.1 Master Dark Frame

Since fluctuations in a single dark frame are large, it is important to use several dark
frames to subtract the dark current in an astronomical frame. A dark frame with
high signal-to-noise ratio is created by averaging several consecutive dark frames with
the same exposure time. The resulting frame with high signal-to-noise ratio is called
the master dark frame. The expression representing a typical dark frame exposure is
(see Corlan 2004) :

d(z,y) = B(z,y) + taerk D(z,y) + noise, (2.3)
where d(x,y) is the dark frame, B(z,y) is the bias offset and D(x,y) is the dark
current over time fgu.. I the dark current contribution is not very large, the noise
term in Equation 2.3 will be equal to the readout noise of the CCD. Subtracting the
bias level from the dark frame and dividing by the exposure time to get the estimate
of dark current in the detector

d(z,y) — B(z,y)

Averaging several (M) dark frames to create the master dark frame with high signal-
to-noise ratio will reduce the noise

D(z,y) =

(z,y) — B(z, 1),
where M is the number of blas—subtracted dark frames and
)= %\,;m(m, )
where N is the number of bias frames, therefore
D'(z,y) = taerr D(z Zdz z,y) — B(=z,y). (2.4)

This is the expression representing the bias-subtracted master dark frame. If the bias
offset is not removed from the dark frame the equation of master dark frame will
become

D'(z,y) = turs D(z,y) = Zd (z,9). (2.5)



2.3.2 Dark Current Noise Contributions

The amount of noise in a dark frame is random, but, not quite repeatable. If the
noise is repeatable it is expected that the same amount of noise is obtained if the
exposure is repeated under the same circumstances (i.e. temperature and time). The
dark current noise follows Poisson statistics, so the root-mean-square (o4) of the dark
current is the square root of the dark current (D),

o4=VD (2.6)

The noise sources in CCDs add in quadrature (i.e. the square root of the sum of the
squares). The subscript . in the following expression is just to show that the noise is
measured in electrons. The resulting noise is given by the following expression (see
Gudehus and Hegyi 1985)
0%, = 0%, + 05, + 0%,

where op, is the total noise in electrons, oy is the readout noise, og is the shot noise
in electrons and oy is the dark current signal-dependent noise given by Equation 2.6,
all measured in electrons. Substituting the value of ¢, in the above equation we get

2 _ .2 2
op, = 0g, + De + 05, .

If the gain, A, is in electrons/ADU (refer to Section 2.5.2), 03, is multiplied by A?
to convert o%_ into ADU, and to get

2.2 2 2
A D aprs —0R2+De+crse.

But, D, = ASqg,, so that

2 2
o> Or, + )‘SdADU + s,
Dapy ™ A2 A2 A2

where Sy, ., is the signal of the dark noise in ADUs. Therefore,

2 2
2 aRe + SdADU + aSe

IDapy = 22 A A2 (2.7)

Keeping the gain constant, the readout noise is going to be the same for all the
exposures. When observing faint stars, the dominant sources of noise in a CCD are
the readout noise and the dark current noise. The dark frame is linear in time but the
amount varies from pixel to pixel. If an individual pixel generates more dark current
than the other pixels it is called a hot/bad pixel. Cosmic rays also contribute to the
noise in the CCD. For observatories that are situated on mountain-tops, cosmic rays
are seen more often than for those observatories situated at an altitude that is closer
to sea level, since cosmic rays are scattered by the atmosphere.



2.3.3 Dark current subtraction

In order to perform dark current subtraction, one starts by obtaining dark frames
at a certain temperature for a particular exposure time. It is important that these
dark frames be obtained at the highest signal-to-noise. If a single dark frame of low
binning factor (and short exposure time) is used to subtract the dark current, noise
will be increased instead (by error propagation rules, see Taylor 1997). Assuming
that hot/bad pixels (see discussion Section 2.2.3) do not dominate the dark current
statistics, it can sometimes be useful to obtain dark frames at the highest binning
(for time efficiency), because pixel binning reduces the noise level in each superpixel®.
Under the assumption of relatively few hot/bad pixels, the average dark current
should be the same for every pixel binning, since the hardware does not change, e.g.
a dark frame of 9 x 9 binning should result in the same average dark current per pixel
per unit time as a dark frame of 1 x 1 binning, It is important to expose the CCD
chip for a substantial time, because it takes a long time for a pixel to be filled by
the dark current electrons. These dark frames are averaged to create a master dark
frame.

As previously explained in Section 2.2.3, one can remove the bias level in each dark
frame to create bias-subtracted dark frames. These bias-subtracted dark frames will
contain the dark current and noise; the latter will average out during the averaging
of these frames. The dark current is determined from the average of the pixels. It is
generally advisable to obtain a large number of dark frame, and then combine them
to create a master dark frame that can be used to subtract the dark current.

2.4 Flat Fields

CCD pixels have non-uniform response to light because of the imperfect manufac-
turing of the CCD. Illuminating the CCD with uniform light will not generate an
equal signal in all pixels, but it can help in calibrating the relative sensitivities of the
pixels. The non-uniform image thus obtained is called the flat field and resembles the
non-uniformity of the CCD. When taking flat field frames the same filter as the one
that will be used during the observation of the target object should be used, since flat
field effects depend on wavelength. The flat field frames can also be used to correct
other effects such as vignetting (the dimming of observed objects towards the edge
of the telescope field of view), small sharp in-focus features caused by dust on the
CCD chip and vague ring-like shaped features that are caused by dust particles on
the cryostat window. It is very difficult to obtain a good flat field. A flat field frame
can be obtained using either the screen on the inside of the dome (called a dome flat)
or the twilight sky (called a sky flat).

'Charge in adjacent pixels is combined to form a superpixel, e.g. in an N x M binning, N
columns and M rows are combined to form a superpixel.
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2.4.1 Types of Flat Fields
1. Dome flat

A dome flat is obtained by using a screen on the inside of the dome. This screen
is illuminated by & bright continuum source that has no emission lines. In this
way, a flat field frame can be taken at any time of the day. However, a dome
flat has the following disadvantages (Davenhall et al. 1999) :

(a) the colour of the sky is not the same as the colour of the lamp used to
illuminate the screen or the interior of the dome.

(b) light reflected from the dome is incident to the telescope at an angle dif-
ferent to light from the sky. This can affect the vignetting and the images
caused by dust particles, but it does not affect the sensitivity variation of
the pixels.

2. Sky flat

A sky flat is obtained using the twilight sky; observation of the sky flat is
dependent on the weather. Using the dark sky is an alternative way, creating a
superflat.

(a) Twilight flat

A twilight flat is obtained by taking a frame of the bright area of the
evening or morning twilight sky. The sky should be brighter than any star
that could be in the field of view. However, if the sky is too bright the
CCD will be saturated. The telescope drive should be switched off so that
the sky can move across the field of view. Any star that would fall on the
CCD drifts out of the field of view and can be rejected by averaging several
consecutive flat field frames; since the position of these stars in each frame
will be different. Obtaining this type of flat is difficult when trying to get
flats for different kinds of filters because twilight is short and it takes a
fair amount of time to read out a CCD (~30 seconds for a 1024 x 1024
CCD).

(b) Superflat

In the case of bad weather at twilight, a dark sky exposure can be used to
make a flat field image. Such superflats are widely used in the infrared;
since at these wavelengths the sky is relatively bright. A superflat frame
is obtained from an image frame that is already flat-corrected using a
dome flat. From the flat-corrected image frame we choose an empty field
to create a superflat. To get a good superflat at least ten astronomical
frames are needed. These frames must not contain large objects, and the
offset of these frames must be larger than the size of the largest object in
the frames. A superflat can correct for the fringing in the image frame.
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2.4.2 Flat fielding

Flat fielding is the process of correcting for the pixel-to-pixel variations and large
scale effects (such as vignetting) on the astronomical frame. Flat fielding becomes
more important when observing stars fainter than the sky level. It is important to
choose correctly exposed flat field frames, and correct each frame for the bias offset
level and trim the overscan. Flat fields have random noise fluctuations associated
with them. It is important to use as many flat field frames as possible to create a
master flat field frame with reduced noise level. A master flat field frame has to be
created for every filter that will be used in obtaining astronomical frames,

In order to achieve the best result, the mean pixel level from the master flat field
is plotted against the pixel position. This will enable us to determine if there are
pixel-to-pixel variations on the master flat. If there are no pixel-to-pixel variations
on the master flat frame, one can just apply it to the astronomical image (Chromey
and Hasselbracher 1996). If there are pixel-to-pixel variations, however, we can fit a
surface to the plot of the mean pixel level against the pixel position to get the best
(normalized to 1) flat field frame that is used to correct the astronomical frame. One
divides the image frame by the normalized flat field, since the flat field correction is
multiplicative.

2.5 Readout noise and the Gain

2.5.1 Readout Noise

The readout noise is the number of electrons introduced per pixel into a final signal
during the CCD readout. It is produced in the on-chip amplifier where the charge
collected by each pixel is converted to a voltage which is subsequently presented to
the A/D converter for digitisation.

Introduction of these additional electrons into the signal by the electronics causes
unwanted random fluctuations, producing uncertainty in the output signal of each
pixel. A CCD with a readout-noise of 30 electrons, will have a fluctuation with a
standard deviation of 30 electrons about the mean value in the readout signal. As
a consequence, high readout noise CCDs (more than 80-100 electrons) are not very
good to use for faint sources. Modern CCDs have readout noise values that are very
low, in the range of 10 electrons per pixel per frame or even less.

Calculating the Readout Noise

The readout noise of the CCD can be calculated using calibration frames. Two
consecutive bias frames are needed to calculate the readout noise of the CCD. These
two consecutive bias frames are subtracted from each other to remove the large-scale
variations in the mean bias level caused by the faulty electronics; the expectation
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is that these variations should be the same on the two frames, leaving only the
fluctuations in output signal due to readout noise when they are differenced.

The standard deviation of the difference frame will be a factor of v/2 higher,
because the fluctuation will be a contribution of the two frames. We take the standard
deviation from different spots on the difference frame and then we average. Since there
was no light falling on the CCD, the averaged standard deviation of the difference
frame (divided by +/2) will be the readout noise. Let z be the difference frame and z
and y be the two bias frames

2=z—y

The deviation in intensity found for each frame will be given by
dz = dz — dy.
Then squaring both side to get
(dz)? = (dz)* — 2(dz)(dy) + (dy)?,

the mixed term will vanish on average because the two terms are not correlated,

therefore 1 1 1
N Y (d2)? = N > (dz)*+ N > (dy)%
where N is the number of the bias frames and the variance will be given by

2 .. o2 2
o, = 0z + 0.

The standard deviation will be given by

0, = /0i+ a2,

but o, and o, have to be the same (since there is no light on the CCD), so that the
above equation becomes

o, = V202,
or o
o= —=. 2.8
7 (2.8)

o is the readout noise of the CCD and the units are in ADUs.

2.5.2 CCD Gain

In the previous sections it has been described how electrons can be ejected from
the valence band to the conductive band in the silicon wafer. The steps involved
in reading the value of a pixel are as follows. The electrons are transferred to the
amplifier (coulombs), then the voltage induced by this charge is measured. An A/D
converter converts the voltage into a number that will be passed from the CCD
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hardware to the computer software as a pixel value in the range 0 — 2", where n is
the number of bits. The unit of this pixel value is counts, also called Data Numbers
(DN) or (ADUs).

The end result is that there is some value which relates the initial number of
electrons in a pixel to the final number of counts that is transferred to the computer.
The ratio of these two numbers is the gain of the camera. There are two ways in
which the gain can be chosen :

e CCD pixels are designed to hold a certain number of electrons before they
become saturated and start leaking to the neighbouring pixels. This maximum
of a pixel is called the full well depth. The gain can be chosen such that the
number of electrons in the full-well depth corresponds to the maximum pixel
value.

e The gain can be chosen so that the smallest pixel value corresponds to roughly
the readout noise of the CCD. Any finer measurement of the pixel values would
yield differences, which would be essentially random.

Calculating the Gain

To calculate the gain, a number of flat field frames at different exposure times are
needed. Two exposures for each specific exposure time are needed so that they can
be subtracted from each other, to get rid of variations in pixel sensitivity.

The averaged standard deviation can be obtained as specified by Equation 2.8
for each difference frame. However, to get the variance, the standard deviation is
squared and divided by 2.

' 2
Variance = (%)

Using Equation 2.7 (on page 9), it can be seen that a plot of the variance, 0%,
versus the mean counts, Sy,,,, has a slope of A and an intercept of 6%py. Thus
the gain, A, may be found from the slope of this straight line of Equation 2.7 (see
Appendix A on page 91 for an example of gain calculation). The intercept gives the
readout noise. However, because the intercept is very sensitive to the gain that is
used, it is preferable to use the method described in Section 2.5.1 rather than the
value obtained by the intercept.
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Chépter 3
SALTICAM

3.1 Introduction

SALTICAM (SALT imaging camera) is one of the two first-light instruments available
on SALT; the other is the Prime Focus Imaging Spectrograph (PFIS), also called the
Robert Stobie Spectrograph (RSS). SALTICAM can be used in the following modes

e to display the field of view during acquisition;
e for autoguiding;
o for science exposures.

The SALTICAM camera uses a mosaic of two CCDs, each CCD has 2048 x 4102
pixels. Both these CCDs are back-illuminated for high quantum efficiency and to
take advantage of the good UV (ultraviolet) sensitivity (O’Donoghue et al. 2003)
down to 320 nm. Each of the two CCDs is read by two low noise output amplifiers
to increase the readout speed. Each amplifier reads out 1024 X 4102 pixels and
also 50 prescan pixels (i.e. prescan/overscan region). These additional 50 pixels are
physically present on the detector. They are situated in the readout register following
the readout amplifier and preceding the pixel corresponding to the first column of
the imaging area of the CCD. Every row that is read out is preceded by the 50 pixels
of the prescan. These prescan pixels are used to calibrate the bias offset (see section
2.2). The amplifiers are also capable of binning in either rows or columns or both.
The purpose of prebinning is to reduce the readout noise. Prebin factors of up to
9 X 9 are possible.

SALTICAM was commissioned on SALT in 2003 September and used for the first
light pictures from SALT on July 2003. It was used to obtain the first guided image of
a star in autoguiding mode on December 2003. It was placed at the VI (Verification
Instrument) position, where the optical axis of the instrument coincides with the
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optical axis of the telescope, In its final position, SALTICAM will be placed in the
so-called ACSI { “acquisition camera and science imager”) position, at a Newtonian
focus. Light will be directed towards SALTICAM by means of a mirror positioned at
a 45° angle ()’ Donoghue et al. 2003), see Figure 3.1. When the mirror is removed,
light is directed to PFIS

1i-M Sol FMM o SPAC + SALTICAM

ExIT =LIPTE

R, TICAR] 7| e—

Figure 3.1: The SALTICAM optica layout (' Donoghue 2000). The CCDs are at
the lower right. Light emerges fromthe exit pupil via the fold mirror to SALTTCAM.
If the fold mirror is out of the heam, light will go straight to PFIS.

It 15 important that the operation of SALTICAM be monitored very carefully,
with rapd reporting of faults to ensure data quality; otherwise the data obtained by
SATTICAM maw not be useful. For this purpose it is essential that the readout noise
of the CCDs be kept within specifiad levels.

3.2 SALTICAM Software Overview

SALTICAM is designed to be operated remotely by the telescope control svstemn
(TCS). In this mode, the SCAM LabView (the computer program used for data
acquisition and for operating SALTTICAM) interface (Figure 3.2) communicates with
the TS and downloads the required settings to start an exposure. This will include
the RA (right-ascension) and DEC (declination) of the target, the exposure time,
the filter position, the binmng [actor, readout mode, et After an exposure, the
image will be displayed on the C-code image viewer {Figure 3.3). The image can be
manipulated in various ways (pan, zootn, contrast, colour, ete) and there are {acilities
for measuring the size of the stellar images.

The SCAM LalbView interface may also be switched to "maintenance mode”. In
this configuration, there is oo comonmication with the TCS, Instead, the operator
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may control SALTTICAM by entering information directly on the LabView interface,
Each scquence of exposures comprises a “program”. A program eontains the expo-
gure time and filter to be used. SALTICAM will cxecute each line of a program
antomatically and stop when the end of a program is reached. The “STOP" and
“TERMINATE” buttons are used to abort the program scquence immediately or at
the end of the current exposure. SALTICAM is used for two purposes:

1. As an scquisition camera
2. For sclence exposiures

In its role ag an acquisition camera, SALTICAM can take continnons exposures of
the field using exposure times of one second or less, An object in the field may be
dragged to a desired pogition on the CCD by means of the mouse, This information
is converted to the tclescope offsets and rotation and passed to the TCS. SCAM can
also be used in autogmiding mode by selecting one or more feld stars as guide stars
This may be used in conjunction with PFIS/R5S.

Figure 3.2: A screeushot of the ‘Man-Machine Interface’. This diagram shows the
interface software used for operating SALTICAM.

17



Ael a4z EzLoa0 | s

Figure 3.3: A sereenshot of the SALTICAM intorface that is displayed on a large
monitor. It displays an image of the part of the sky at which the telescope is pointing,
The buttons at the bottom of the window are clickable to change the scale of the
image, to allow zooming, for ereating windows on the image, ete.

3.3 SALTICAM Modes

In epnventional operation, the SATTHCAM CCDs will be read out in full-frame mode.
However, “frame transtor” {FT) mode can be used to reduce the dead-time between
cxposurcs, In FT mode, one half of the CCD is used as a memory store and the other
half as image store. To accomplish this, an opaque screen is usged to prevent Jlight
from falling on the half of the CCD used as a memory store. After the exposure, the
image data are moved very rapidly to the memory storage aren where it can be read
out, In this way, continuous cxposurcs may be obtamed with no dead-time between
them. However, only half the field of virw is aceossible.

For more rapid exposures, one can use “VIDEO" mode. VIDEO mode is the same
as FT mode, but the exposure time is set to the shortest possible duration. This is
normally just a httle larger than the time taken tor readout.

For the shortest exposure times, one may use “SLOT" mede. SLOT mode is
similay to FT mode except that the CCD is entively ohscured except for a narrow
slot. One may pogiticn a program star and comparison star in the slot, After each
exposire, the narrow strip i8 moved to a storage area. After many such data transfers,
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the image reaches the end row and is read ont. Because ouly a small fraction of the
CCD is used for imaging, data transfer is higher and readout times are much shorter
and the minimum exposure time (including disk storage time) may be as short as
0.05 seconds using 9 % 9 binning, More typically, one can perform continons 0.1
second exposures with digk saves using o prebin factor of 6 x 6, It is expected that
this unique capability of SALTICAM will enable high-speed photometry as a prime
area of research using SALT.

Finally, the “DRIFT SCANNING" mode can be used to record very long strips
of the sky. Thus is accomplished by turning off the telescope drive and matching the
speed of the readout to be exactly the same as the speed at which the sky drifts
acroes the CCD with the rotation of the earth.

3.1 SALTICAM Readout Specds and Gain Scf-
tings

SALTICAM can perform fast or slow readouts. Fast readouts are required for high-
gpeed photometry, field acquisition and guiding. Slow readout should he used when
the readont neise is to be kept to & minimmm.

For each readout speed setting (fast or slow), two possible gain settings are al-
lowed: bright and faint, Bright gain settings are used for a high dynamieal ranpe
and in a field of hright stars. On the ather hand, the faint gain setting allows a more
precise measure of the intensity but the brightest stars will be saturated. Typical
gain settings and the resultant readout noise are as follows (see Appendix A} :

|  Gain Setting | Gain (electrons/ADU) | Readout noise {electrons)
: BRIGHT FAST 4.1 5.0
BRIGHT SLOW 2.5 3.0
FAINT FAST 1.5 5.0
FAINT SLOW 1.0 3.0

Table 3.1: The gain setting and the resultant readout noise of different SALTICAM
readout speeds.

To reduce the effects of readout nole one can use prebinning. Prebinning is
impertant when dealing with faint objects and short exposures, SALTICAM has the
ahility to perform prebinning into any arbitrary M x IV (where both M and N can
take values from 1 — 9) binned pixels (super-pixels) through simple software control.
Because the readont noise per pixel is constant, using 4 % 4 prebinning will reduee
the readout variance by 16 and the readout noise by 4. Hence we can detect signals
in 4 % 4 prebinning which may hbe chsomred by poise in 1 % 1 prebinning,
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Chapter 4

The Flexible Image Transport
System

4.1 Introduction

In this chapter the data image stoucture definition of the Flexible Iuage Transport
System (FITS) i3 discussed. Data froin different obsenvatories may not be easily in-
terchangeable, since every observatory may use different software for data processing.
To solve this problem, FITS was deweloped inthe late 1970s to transport astronomical
data between observatories {Hanisch ot al. 2001), Nowadays, astronomical software
has adopted FITS for data exchange and as dats format. In developing FITS some
important factors were taken into consideration (Wells et al. 1981) :

o It 15 required to be very flexible,

It must make it easy for mages to be transported.

It tnust provide a way of transporting any extra parameters that are associated
with the image(s).

There should be no Imit on the amount of text that can he transported.

The format has to be general so that information associated with the image(s)
can be altered.

A basic FITS file consists of two main parts: the header section and the data scetion,
with the logical records having a length of 23040 bits corresponding to 2880 8-bit
bytes. The header forms the first part of a FITS file and it is followed by the image
data. The FITS header provides a means of recording informstion ahount the ohject,
g its position in the sky, the telescope that was used for the observation, the time of
observation, the filter that was used and wvarious other essential information. A data
struyctyre in a FITS file is a combination of the Header and Data Unit {Appendix D
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gives an example of a FITS Data Header). Sometimes the header and data unit
{HDU) may consist of a header with no data unit. As detectors evolved, the image
extension was developed to store different but related data sets when using multiple
amplifiers and /or multiple CCDs. The FITS extension is just a replica of the primary
HDU and has a format which must provide the following (Ponz et al. 1994):

s allow storage of unlimited data,
o allow each data section to have its own header using FITS extensions,
e FITS readers have to able to skip through extensions easily,

» require only small software changes to the FITS readers to handle image extern-
siom,

o there should be no need to adopt additional keywords (discussed below),

o it should be easy to single out an image extension as a separate file to produre
a simple FITS file without extensions,

4.2  Primary Headoer Records

The header unit carries information about the structure of the data array, the obser-
vational parameters, etc, For easy interpretation of the header records by both man
and computer, ASCII eodes are used i FITS. The use of a comment is encowraged
on both the standard parameter card! inages and a comment card. No limits are
placed on the nunber of card mmages that can be supplied. The end of the header
records s specified by the keyword END. The hesic representation of a FITS header
cardd image [Wells et al. 19231) is given by

keywoerd = value [ comment.

Unless specified otherwise, keywords may appear in any order. The keyword is an
S-character string using only digits and upper case alphabetic characters. The equals
sign indicates the presence of the value field associated with the keyword., Tf the
value field iz undefined it will be null. The value field has two formats: fixed and
free. The fixed formnat is needed for mandatory keywords and is recoinmended for
any other keywords. IF a comment i3 present, a slash is needed to separate the value
field from the comment which consists of ASCII text. Fixed formats that are required
are {Hanisch et al. 2001)

s Logical variable

It will have the value T or F appearing in eolumn 30, These characters ran he
followed by spaces and a slash (which can be followed by a cominent).

LA seguence of BD byles containing ASCIT text, troated as a logical entity
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» [nteger variable

Thiz s for a lixed format mteger value, and tnust appear vight justified in
columng 11 — 30. A free format integer value, m contrast, must appear right
justified in eolumns 11 — B0

s [RReal variable

A Bxed format veal vanable must be right justified and start in columps 11—31.
A free format real variahle must start in colummn 11 — 80 and be right justified

as well.

» Character

[t is recommended to be 8 characters long even though longer strings are al-
lowed; it is represented starting with a “ ' " in columu 11, and ending with a *
"7 whielk cammot occur before colnmn 20 and shonld end before or on column
B0,

Mandatory keywords are required in every HDU and their value must be written in
fixed format. These keywords occupy a certain fixed order in the header vecords,
namely :

» 3IMPLE Keyword

This has a logical constant walue, T, if the file conforing to the FITS basic
standard or F, if it does not conform. This keyword is not permitted in the
extension header,

¢ BITPIX keyword

Thiz is the munber of bits used to represent each pixel value. It has an integer
value, B, used for computing the size of the data in the FITS file.

o NAXIS keyword

This is a non-negative integer value representing the number of image coordinate
axes. If this value is zero there is no data following the header.

» NAXISn keyword

This is & non-negative integer value that represents the number of piacls in the
image along the n-th coordinate axis,

» END keyword
This keyvword has no value and marks the end of the FITS header.

The size of the data is then given by ;

8= |B| % I:N| ol S o NN,q_xf_s.'}_.
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where 5 is the size of the primary data array and is non-negative, B represent the
value of the keyword BITPIX, and the N, are the values of the kevwords NAXISn
for n=1, 2,..., NAXIS,

There are some optional parameters in FITS that are often impertant. For exam-
ple, if one did not specify the coordinate system, the recipient will have a hard time
trying to figure out if the image s fipped. Amongst others, there are the following
optional parameters: OBJECT, DATE, TELESCOPE, OBSERVER, ctc.

4.3 Extension Header Records

As mentioned before, the image extensions allow the storage of multiple images, The
image extension beging just after the last record of the primacy data amray or the
previous image extension. The extension header format is basically the same as the
primary header format. If there are extensions, the primary header of the FITS fie
must have the keyword EXTENT set to T. The following keywords are mandatory
in the cxtension header forinat {Ponz et al. 1994) ¢

« XTENSION keyword
This keyvword descrilzes the type of the extension and must not appear in the
primary header. The valuc field contains the character ‘IMAGE'.

« BITTX keyword
This is the integer value used to specify how many bits are used to represent
each pixel value. BITPIX can appear in both the primary keader and the
extenzion header.

o PCOUNT keyword

This is a ngn-negative integer valug, P, used to define the number of parameters
per group in the data structure. A simple image extension shall have PCOUNT
=kl

o GCOUNT keyword
This iz a non-negative integer value, G, defining the number of groups in the

data structure. A simple image extension has GCOUNT = 1.
e END keyword

This keyword has 1o value associated with it.
o EXTEND keyword

This keyword appears in the primary header after the NAXISr keyword if the
FITS file contains an extension image in which case it should has the logical
value, T.
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To compute the data stee we use the absolute value of the BITPIX, using this
equation :

S=|BI><G'>< [P+J"'l"] # Ny o ...XJ"\"NA_;{_IS)
where & 1s the extension size in bits, B 1s the value of che BITPIX, & is the value of
the GCOUNT, then F iz the value of the FCOUNT and &, arc the value of NAXISA
for n=1, 2, ..., NAXIS, a& defined before

4.4 The Image Data Model

In this seetion a bricf description of the basic data structure for image data praduced
by a CCD is presented. For a camera consisting of a single CCD with a smgle
amplifier, data will be recorded as a single FITS file consisting of a single ASCIL
header and a data amway "HDU”. For cbservatinns made with a CCD) with multiple
amplificrs, the data will be recorded iz a single FITS file with multiple HDUs by using
image extensions ag explained proviously. The primary header will be used to store
the common information of all the amplifiers. The connection between the image
extensions nits corrssponding to each amplifier is provided in two ways (Valdes
2000):

1. The primary conneetion oceurs by giving all mage units a common observation
wlentification and appears m the keyword OBSID {e.g. image units obtained
using the SALT telescope can have OBSID = SALT-012345).

2. The second conncetion is through the grouping of image units within a single
FITS image extension.

For a single CCD with multiple amplifiers an image unit m a sct of data from the
same observation has a unigue identification number, which tdentifics cach amplificr
in a detector nniguely. In the FITS extensions, images have geometrical relationships
which are defined by lmear coordinate transformations between the various pixel
coordinate systems. The logical pixel raster i used to describe the [ull mosaic in
the detector coordinates system {(o.g. 2048 x 2048 for a 2 » 2 mosaic of 1024 = 1024
CCDs). This siee includes the gaps betweon the CCDs as a number of missing pixels,
but it must be rectangular.

Each amplifier reads the CCD data in a different order. The pixel order may be
flipped when they are written to the image raster. Specification of the fips must be
described so that the array s correctly mapped to the pixel raster. For a single CCD
with multiple amplificrs thic single image will be geometrically correct with respect to
the CCD amray. For a mosaic this is not true due to the alignment of the CCD chips.,
We now disenss four coordinates systems (also see an example of their caleulations in
Appendix C): the CCD, amplifier, lmage and the detector coordinate system [Valdes
2000). The pixel coordinate systems have integer coordinate values for the centres of
the pixels which relate to the raster array indices of the CCD or immage.
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The CCD Coordinate System

This coordinate system gives the true size of the CCD, defined by the unbinned pixels,
Dirift scanning canses the final output image to consists of more pixels than the phys-
ical size of the CCD. The prescan will have negative COD coordinates, Any corner of
the image can be nsed as the origin of the coordinates. This coordinate system can be
used to specify the region of interest (ROI). To map the CCD coordinate system to
other {amplificr, image or detector) coordinate systems one must define, an amplifier
transformation matrix (ATM) that expresses the differences in orientation and scale
between the coordinate systems and amplifier fransformation vector {ATV} that ex-
presses the displacement between the two coordinate svsteins, The CCD coordinate
is defined by (O3, €y}, and appears as CCDSEC = * [Cx1:Cx2,Cy1:Cy2]° in the image
header.

The Amplifier Coordinate System

Thig coordinate gystem is defined by (A, Ay}, where A, is the serial coordinate and
A, is the parallel coordinate. It appears as follows in the image header:

AMPBFC = *[Asl:Asl, Apl:Ap2]°. This eovrdinate system defines the order in which
pixels were read out by the controller. Unused columns or lines in the CCD are not
counted, Only the prescan pixels can have negative amplifier eoordinates. The linear
transformation between the amplifier and the CCD coordinates is given by

A, = AT My % G + ATMy, % O, + ATV, (4.1)

A, = AT My 2 C, + AT M X Cy + ATV, (4.2)
Isolating (), in Equation 4.2 one obtains
A, = ATV, — AT My 2 C, = AT My x C,,

the
i A, — ATV, — ATMy x C,
N AT My '

Substituting O, in Equation 4.1 and performing some algebra one obtains
AT Mgy % (A, — ATV) — AT M3 x {4, — ATV)
ATMH M ATJ‘MQQ e ATJ-M]_Q e .4TM2] I

The same can be done tor € but one has to use equation 4.1 to isolate ;. From
Equation 4.1

&

Cr=

A, — ATV — AT My x Cy

AT M, ’
Substituting € in Equation 4.2 to eliminate C,, one finds

o —AT Moy x (A, — ATV + AT My x (A, — ATV)
¥ AT;"E{H X .."-I.'TMQQ = ATﬂ'fm ® .."-I.Tﬂffzj_ ’

&=
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where AT is the amplifier transformation matrix, and ATV is the amplifier trans-
formation vector. The transformation coefficients are recorded in the FITS image
header, When multiple amplifiers are used, these coefficients become more important
in determining the readout order of the pixcls. These values appear in the FITS file
header in the order:

ATML_1, ATM1_2, aTV1, ATH2 L, ATHZ_2 and ATVZ.

The Image Coordinate System

The image evordinate system (£, ],) defines the pixels in the recorded image, in-
cluding bioth the overscan and the presean regions. The acquired data only oconpies
the inage region. The coordinates of the first pixel in the image section start with
(1,1} in the image coordinate system, The data section in the FITS file appears as
DATASEC, with the format DATASEC = *[I¢1:1¢?,I11:T123]°. The linear transfor-
mation between the CCDr and the image coordinates is given by

I, = LTMy; % Cp + ETMy, % €, + LTV, (4.3)

L= LTMy » Cp + LT Mo x Gy + LTS, {44]
Using the same mcthed as hefore one finds:

L= LTMy x €, — LTV,
LT Mo '

Cp=

Substituting the value of €, in Exmation 4.3 and perlorming some algebra to get

\CET My % (§.— LTWV}) = LTMyg x (I — LTV3)

Cz LTI‘IM = LTM22 i LTM21 x LTJ"{IE

and
LTM = (L — ETV,) — LTMy = (I, — LTV

LTM;Q x LTMH_ £ LTJH]Q * LTﬂl'fgl

It is recommended that [, be less than {2 and f;, be less than fi,. If the order is
reversed, then the mage sections will be fipped. The data section is related to the
amphfier section (AMPSEC), the CCD section (COCDSEC) and the detector section
{DETSEC) by transforming Fo, Jeo, By and fg to Foy - 0.5, Ts + 0.5, Jy - 0.5 and s
+ 0.5 respectively.

Gy =

The Detector Coordinate System

The detector coordinate system (D, D, ] is important when multiple amplifiers and for
multiple CCDs are used. The detector coordinate system describes a mapping of
multiple amplifiers/CCDs pixels ito a single pixel raster of unbinned CCD pixels
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to form a single simple image. It has to be consistont with the flips, offsets, trans-
poses between the image pixel since it is used to display wmultiple CCD/amplifier
data sct. This coordinate system is represented as DETSEC = ° [Dx1:Dx2,Dy1:Dy2]’
in the image header. For CCDs with mmltiple amplifiers the coordinate svstem of
the detector and the CCL are the same. For a mosaie of CCDs the detector and the
CCD coordinate systems will have the same orentafion but with different origins for
cach CCD. The lincar transformation between the CCD coordinate system and the
detectar coordinate system are given by

D, = DTMy; x C, — DTMy3 x Gy + DTV, (4.5)

aticl
D, = DTM X C, + DT Mz % C, + DTV, (4.6}

Usging the same methods as before gives:

¢ _ DTMa x (D, — DIVy) — DT My x (D, — DTV,)
S DTﬂ’f“ F4 DTﬂfgg = DTM]:; x DT.MQ] ’

anrl

& DTMy) x (P, — DTV;) — BTMy % (D, — DTV)
T DT My % DTM) — DT Moy x RTM 2 :

4.4.1 Binning

There is a non-integer rolationship between the imege coorditiate systom and the
other coordinate svstems when pixels are binned. However, the image coordinates of
binned pixels will have integer values at the center of the binned pixels. The centre
of binned pixels transfoms to the widdle of the unbinned pixels. It the first two CCLD
pixels are binned to form the first image pixel, the contre of the binned pixel in the
CCD coordinate system would be 1.5, In the FITS file header the CCDSUM keyword
stores the value of the binning factor,

The value field of the keyword CCDSUM will contain N, N, Ny and N, where
N, 18 the number of the serial pizel swmmmed for cach output pixel in the amplifier
coordinate syatemn, and N is the parallel simmed pixels, [t is pessible that the
first and last output pixels could be partial sums of fewer pixels, that is where the
parameters N, and N, come into nse which mdicate how many smplifier pixels are
in the first sum. If &, and &, are the same as N, and N, they can be omitted. The
CCDSUM will appear in the FITS file header as: €CDSUM = *Ns Hp #a° Hpll.
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1.4.2 Deriving the Transformation Coclficicnts

The transformation coefficients are derived when mapping sections in other coordinate
system to the section of CCDSEC, We consider the case of no partial pixel susn WV =
Ngy Npp = Ny When there is no transpose, the mixed terms from the coorditate

systeins disappear from Eqguations 4.3 and 4.4:
LTMp =0, LTMy =0;
Equation 4.3 and 4.4 become

I. = ETMy x C, + LTV

L= LT My Gy + LTV,

for the range of image pixel columns Fquaticn 4.7 one has

Ly = LTMsy % oy + 0.5 % (L ~ATMyy) + LTV,
Ig=LTM n Cry — 0.5 x (1 — ETMy,) + LTV,

for the range of image pixel lines Equation 4.8
I = LTMp x Cp + 08 x (1 = LT My ) + LTV,
fg = LT My % Oy = 0.5 x (1 — LT M) + LTV,
One can solve for the C.'s and the €)'s, to obtain
T — 0.5 x (1 - LTMy; ) — LTW)

Capx LT M, ‘
S (Fay+ 0.5 x (L= LTMy) — LTW)
e LTMy, !
c. = (In — 0.5 x {1 = LTMa) — LTV:)
e LT Mg ‘
and
O — {I:g “+ (15 x II]_ i LTMZE} = LTL&]
#e LT M, ¥
The transformation coefficients are then mven by:
{Icﬂ — Iy + 1}
LTMy = :
B Ca—Ca 1)
anid
' L Moy = Jo—dutl
T e —Cu 1

(4.7)

(4.8)

If the image pixel order is the same as the CCD pixel order, the image s not flipped.
If these orders {inage pixel and the CCD pixel) are not the same then the image
is flipped. Replacing LTMy, with LTMp, LT My with LTMy and C; with O

transposes the coordinate systeins,
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Chapter 5

Photometry

5.1 Introduction

In this chapter photometry and various photometric packapges are discussed. FPho-
tometry is the study of the colour and brightness of point-like objects like stars, but
it alse includes the investigation of the surlace brightness of extended objects such as
galaxdes, Two stars that might seem to have the same brightness to the human ey,
actually have different brightness when recorded on a photographic plate. This led
to the development of filters that allow light of certain wavelengths to pass through
to the detector, while blocking light of other wavelengrha.

There are different types of filter systems that are used in astroncmy, such as, the
Johnson, Kron-Cousms and Stromgren filter systems. The Earth’s atmnosphere also
acts ag a filter, since it affects {i.e. absorbs and scatters) the transmission of light
differently in different wavelengths. The Johnson UBV system is transparent to the
ultraviolet, (U), blue, (B}, and visual, (V). The Joknson red, (R}, and infrared, (I},
are broader and further redward than the Cousins R and I bands. The Stromgren
filter systoin in contrast uses intermediate-width bands (a few hundred Angstroms
wide), The Stromgren filter systemn is very important lor determining the metalicities,
temperatures and absolute magnitudes of hot stars, These filters are dencted hy wu,
v, b and y and were chosen to correspond te cortain astronomical effects (Stronigren
1963 and Napiwotzkt et al. 1983). The w» filter relates to the Balmer discentinuity,
while the + filter wag chosen to coineide with that section of the spectrum that shows
moetal exeess in the stars. The wavelengths of the b and y filters wore chosen to
correspond to those sections of the spectrum almost purely determined by steliar
temperature,
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5.2 Aperture Photometry

Aperture photometry is the measure of light that falls within & particular cireular
aperture centred oo the target star. To mensure the flux of o star, one adds together
the intensity values from the central aperture and subtracts the background sky
contribution estimated from the annular regiom {made of two apertures: the inner
and the outer apertures) surropmding the target star. The central aperture size must
be large enough to include as much of the target star image as possible but with as
little extra light from the background sky as possible. Assuming there are N pixels
ingirle the central aperture, the total Hux 5. (star + background} is given hy

8 =5 {E;+by) (5.1}
i

Where { and j are pixel positions inside the aperture, b;; iz the background sky
contribution and E;; is the star intensity above the sky. The summation is over the
pixels that are inside the aperture. Let the mean sky background B measured within
an annyulua with V4 pixels be given by

1 :
Hi= A T_ijbﬁ, {5.2)

To get only the measure of mtensity of the star we subtract the mean sky background
E from the total flux S, then we get

Gr= EfEsj + ;) — NB. (5.3)
=

The first problem of thiz method iz that it is not easy to choose a good aperture
size. I the aperture ia too large, it will include light from neighbouring stars and too
much of the sky surrounding the star. The sinallest stellar photometrie errors (i.e. the
largest signal-to-noeise ratios) are generally obtained with relatively sinall apertures.
Large apertures hove large photometric errors; because the total mumber of stellar
photons in the aperture becomes comparable with the total number of background
photons in the aperture. A good compromise ia an aperture which is a little bigger
than the visible extent of faint stars. In practice, a good choice for a central aperture
size is about 1.5 or 2.0 times the full width at half maximum (FWHM) of the stellar
profile. In these aperture sizes, reasonahle variations in the seeing will not result in
measurable variations in measured counts. The reasonable values for the sky annuli
are around 4 to 5 times aperture radiug for the inner boundary and arcund 6 to 7
times the aperture rading for the outer houndary,

The secand problem of this method is that all pixels are treated equally. Pixels at
the centre of the apertyre are given the same weight as the pixels at the cireumference
of the aperture, even though pixels at the centre of the aperture are brighter than
pixels at the circumference,
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5.3 IDPhotometric errors

The intenzity contiibution of a star within an aperture with N pixels is given by
Equation &.3. In detetmining the error in the meassurement of 5, there are components
due to the Poisson statistics of the star and the sky background. Adding the variance
from Gaussisn readout noise, we get the following equation

0% = Z:{Eaij + &y + Taot + Nog, (5.4)
i

where o}, is the variance in the readout noise and o is the error that is associated
with the measurement of B in Eguation 5.2,

1
o = M Z;{ba:i + aho - (5.5)
15

From o we can see that errors in determining the background are small eontributors
to the total errer in the star if N4 2 N, which ia generally the case. We then have

Jg = Z[Eﬁ + bg; ) o+ J"'ig?m T Nzﬁ’f}:
L
with the constraint

Z{Eﬁ -i.‘-bij} =5+ NB.
#

Therefore
gt ={5+ NB) + Nops + N'of.

Be-arranging the squation gives the following

ae =8+ N(B +ohs) + Nk,
The sighal-to-noize ratio (Howell 1984} 13 then S/os, and is given by

g
S+ N(B + akg) + Noh

This equation iz given in photons and it is sometimes referred to as the *CCD
equation”. Clearly, as the aperture sise increases, the signal-to-noizse decreases as the
number of pixels, [V, increases. This is especially trne for fainter stars, The optimal
choice of aperture size will depend on the hrightness of the astar (Howell 2000). A
larger aperture iz better for brighter stars and a smaller aperture for faintetr stars.
Using a small aperture, one 18 nnable to compare results from different frames because
of changes m the point spread function (P5F), One must use the same aperture size
for all stays as long ss one is sure that there is no variation of the star image with
position on the CCH,

(5.6)

Signal /Noize =
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This leads to the technique of using small apertures for all the stars on the frame
and larper aperturcs for few remaining bright stars. All of the small aperture measure-
mente can be aperture-corrected to large aperture measurcments without increasing
the noise which iz smaller compared to the noise you weould get for a large aporture.

54 The Point Spread Function

The point spread function (P3F) is the apparent surface brightness profile of a point
source just abeve the detector. Light from the star ia scattered by the Earth's at-
moesphere and the detector traneforming the stellar imapge from being a pomt scurce
mto a twordimensional distribution. The PSF samples the distribution in CCD pixels
and includes the diffusion of clectrons within the detector, and reflection and absorp-
tion of photons in the detector substrate. The resulting F5F s the Pomt Response
Function {PRF).

Consider a CCD image containing several stara and assume that the PSF is the
saine for all stars in the frame, The PSF is approximated by sampling a few brightest,
non-saturated stars m the frame with greater signal-to-naoise ratio. Adding such PSF
samples one finds a reasonably accurate PSE which i1s approximately represented by
a (Gaussitan function near the centre z = 2(0), while the wings of the PSF can be
represented by the Moffat function (Moffat 1969), given by

e — 2 [1 + (%)z] _ﬁ¢ {5.7)

whore z 18 the intensity, zp = 2{0) is the initial intensity, v i the distance from the
centre of the profile at the focus, & is the width parameter and 3 i3 a constant., Both
a and 3 depend on the sceing; for poor secing they both become large.

5.4.1 Photometry using the PSF

The general formula for summing the intensity 5 within an aperture is
8 =3 Wi{(By +by) — by), (5.8)
ij

where the sum is over all the pixels (1)) within the aperture, The total counts in a
pixel arc By + by, where by, is the estimated sky level and Ey; s the intensity of
a star above the sky. Wy, is the weight for each pixel; for aperture photometry the
weight ia 1 within the aperture and zero outside the aperture. The weight is given by

1

W{ij:E

where V4, is the variance of pixel ¢j. To determine the weight so that the signal-to-

noisc is optimum, one fits a model profile, Fj; normalized to 1, to a nearby star in
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the frame. As derived by Naylor (1998), the optimal signal-to-noise i3 obtained if the
welghts are given by

Pijifl V’;:J'
3P Vi
The value of the weights, W;, is used o get a better estimate of F;;. Let the total
coupts within each pixel be I; = Ej; + &y, then substitute the weight W, given by

Equation 5.8 and assume that the variance for each pixel is the same (Naylor 1998).
The sguation of the total flux 5 will then take the form

S‘ | E{Ii.? B LLU}P*JHL{U . {5 1'}}
z sz;fl Viy
The assumption of constant variance iz not good for bright stars since the counts in
each pixel are not due to the sky; it meaps that the extraction will be optimal for
faint stars. In extracting optimal photometry, one fits a profile directly to the data,
using the weighted least sguare statistics. We define ¥2 to be

K = Yoy — (B — 1)V Vi,

where £ is the scaling constant which represents the relative brightness of the star,
hP; is the fitted profile, and (f; — by;} is the observed profile, The weight appears
a8 mverse of the variance of each point. We use the following condition to find the
minimmn of y*

Wy = (5.9)

ay*
R
one finds

23 (hPy = (L = b)) Py/ Vi = 0.
4]

Evaluating the snmmation one finds

W3 BV — 2ok — b)) P/ Vi = 0,
and

p o By — by By vy
Y P/ Vy

This equation is similar to Equation 5.10, that was obtained after assuming that the
variance for each pixel is the same, If the observed profile is not accurately measured,
the terms due to the variance add magnitude dependence to the estimated profile.
There will be systematic ervors in the estimated flux that depend on magnitude, if

the ftted profile i® not a good match to the data. This method therefore relies on
the model being a good fit to the data,

(5.11)

33



5.5 Profile Fitting programs

[n this section varicus photometric packages are discussed. There are several dillerent
profile fitting programs that are generally used. Around 1983 the ROMAFQGT pro-
gram, discussed in Buonanma and Tanndeola {1989}, was developed to do profile fitting
of photographic plate data. This program uses the Gaussian or the Motfat PSF fune-
tioms to model the PSF. In 1987, DAOPHOT was developed (Stetson 1987}, and has
probably become the most widely used photometric package, included in the Image
Reduetion and Analysis Facility (IRAF). The program uses a hybrid approach to PSF
building usmg Gaussian, Moffat and Lorentz profiles. Since then, DAGPHOT has
been modified to use both the hybrid and the non-hybrid approachs to PSF building,

In 1993, the DoPhot was developed {Schechrer et al. 1993) which uses an ana-
lytical PSEF hinction to model the PSF. DoPhot is capable of detecting cosmic raye
and saturated pixels un an image. A stand-alone program using the hybrid approach
to PSF bumlding using Gaussian, Empirical and Lorentz profiles {Penny and Leese
198G} was developed around 1995 and called Starman. The program can deal with
crowded and undersampled images as well as feld-vartable PSF, In 2000, The H3T-
phot (Dolphin 2000) was developed to use the Tiny Tim PSF library with pre-image
adjustments, bad pixel mask and charge transfer efficiency {CTE) corrections, HST-
phot 15 optimized for running in uwndersampled conditions.

In the following subsections a detailed deseription of the two most common used
packages, DoPhot (in subsection 5.5.1) and DACPHOT (in subsection 5.5.4) is pro-
vigded. Also a description af the IRAF environment in which DAOPHOT and SALT
tools are embedded is provided,

5.5.1 DoPhot

DoPhot (Schechter et al. 1993) is a compnter program that automatically detects
stellar objects in a FITS frame and outputs the positions and the magnitudes of
objects and crudely classifies thetn. DoPhot is able to adopt models of any kind for
objects that need to be wentified. The PSF model can be an elliptical Gaussian for
a star or a galaxy, but with a star having a smaller Gaussian than a galaxy, The
model of a double star is treated differently.

The model that best fits the object will be chiosen as the model of that object.
This mudel is then used as o filter in searching for new objects and will be used for
detectiom and photometry. A cosmic ray, in contrast is modelled as a single high
ntensity pixel.
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Dol*hot Models

DoPhot models are specified in terms of analytic functions with ftee parameters. The
FPSF function is given by

-1
2=+ 5 (1 e e éﬁq{lez s %ﬁs{f‘i]s) ;

where . - ;
£ Y
F=|zl=+2 =11,
{2 (ﬂ3+ ”“'m“a;)]
and
r=i'—xy 1 H=¥% -

with the centre of the lmage at (ro, wo). Ay and f are dimensionless parameters
that can be adjusted by the ufer, but thev are normslly teken to be unity. The
shape parameters are given by ., o, and a.y. 2p is the central intensity and 2, is
the background intensity. If the number of parameters is increased the models will
generally improve, but the function will be more complex, The gain and the readout
fioise liave to be specified for every set of imapes, DoPhot uses the estimate of the
geeing supplied by the user to identily btight stars that are brightet than a given
threshold.

The analytical function used to reptegent a star iz fitted to the subraster that is
eentred on different objeets, to determine the shape of a typical star. If an object fits
better to a nonstellar object {cosmic ray or galaxy) it 1s then classified as such. The
fitted model is subttacted from the image, the resulting image is called the “working
image”. This process is repeated, but to detect faint objects in the object-subtracted
working image we have to lower the detection threshold. To improve the estimate of
the model parameters one has to add the previous best-fitting model to the working
image,

Systematic Error

After each pass an mmage i3 created, called the noise image, which is updated through-
out the process. This noise image provides weights for each pixel used in least squares
fitting and is used to test whether an object i3 above the backpronnd sky. Large pos-
itive residuals are believed to cause phantom stars (these are PSF residual struetures
near to the bright objects) which are removed by adding extra ncise to the noise
image each time objects are subtracted from the working image. The disadvantage
of adding extra noise is that the likelihood of detecting taint stars that are near fo
the brighter object iz decreased.

It is expected that the total fluxes derived from fitting the model PSE suffer sys-
tematic errors, since the star-subtracted images have a systematic pattern of residuals.
In urder to correct for these errors, DoPhot calculates the total fluxes in an aperture.
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The fitted magnitudes have larger uncertainties than the aperture magnitudes, he-
cause of the Poisson noise from the background sky inside the aperture. In a model
of an object, the sky level appears 1n the equation as a free parameter, which can be
uaed to determine the background sky. This backpground sky can then be used as a
threshold in subseguent passes.

Running BoPhot

The input to DoPhot is simply the name of the input FITS file to be analysed and a
tuneahle parameter file, with the extension .inp. The process is entirely automatic
and results in an output file which contains the following informaticm

1. & - a running mumber which identifies object

2. T - the type of object identified on the frame

3. Sky - the fitted sky background, =,

4. X - the r-coordinate of the centre of the object

Y - the y-coordinate of the centre of the object

Int - the relative intensity (the scaling factor of the PSF, k), z
Sig2x - the squared width of the PSF in the  direction, &2

Sigry - the ellipticity of the image cross section, o,

e - =

Sig2y - the squared width of the I'SF in the y direction, uﬁ
10. StrAp - the total star count inside the aperture

11. SkyAp - the mean sky count within the sky annulus

The main parameter i3 I'nd, which when converted to magnitudes, yields the relative
magnitude differences, DoPhot recopnizes different types of objects by comparing
the image with the adopted PSF. Objects will be classified by the followitg values of
i

1. A star used to determine the PSF

A galaxy

A close pair {double star)

L I

Uncomverged

5. Too few pixels
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6. Deactivated
7. Star not used to determine the PSF

8. SBaturated cbject

Dophot begins by looking at the brightest object and obtaining approximate value
for the PSF. The program identifies objects by looking at pixels above a certain
threshnold intensity. identifving them and removing them from the image. The process
iz repeated until the level reaches a minimum value near the background sky value.
Uncontamninated stars above a certain threshold are used to determine the best value
for o2, g, and a2, The stars arc placed back on the image and fitted using the values

E3
of 02, o, and crjl, with the remaining cosfficients as free parameters.

5.5.2 The Image Reduction and Analysis Facility (IRAF)

This section deals with the Image Reduction and Analysis Facility (IRAF)! software
and some of its packapes which perform related tagks. The IRAF software was devel-
aped to allow the reduction and analvas of astronomical data aod has a wide range
of options which include the display of images and graphs, piping and redirection as
well as online help facilities. As we will be intercsted only in CCD reductions, we
restrict our discussion to a bricf description of packages which relate to photometric
CCD analysis,

IRATF uscs two types of image data formats: FITS (discussed in chapter 4) and
its own format called IMH. In the IMH format, the header and the imape data are
stored in separate files. Whenever possible, one should aveid using the IMH format
since IRAF was developed before the FITS image extension format. As a result it
is not well suited for the analysis of FITS file with multi-extensions, This led to
the development of a special package called *SALT’ which is used to reduce multi-
extension FITS data files acquired using SATTICAM.

A task is a cominand or a program. Defore being used, its package must he
loaded. Each of the tasks included in IRAF packages have parameter files which can
be edited to meet the needs of the user. The following are soine of the tasks used in
IRAF talten from Davis [1934):

s imstat
This is a task uscd to compute the image statistics (i.e. standard deviation,
mean, min. max. number of pixcls).

= [mcombine
This task is nsed to combine images pixel-by-pixel,

1[RATF is the Tmage Reduclion and Apalysis Facility, a general purpose software system for
the reduction and analvsis of astroncmical dats. For moee information visit the IRAF wehsite
http!/ firaf noan.edu/
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* IMCOpY

Thiq 18 used to eopy an mage.

s hedit
This is used edit the inape header.

o imdelete

This is usel to delete a list of images,

+ imheader

This task ix nsed lo peint an image header,
w imexamine
This task 1s used to examine images using mage display,
Using the SALT *ackage

The SALT packape allows the user to romave the biss from o COT image and Lo
apyaly Mal feld eorreclions. The paclage is called up in the usual way of calling IRAF
packages:

# slarl AL by running Pxglerm”.
o type "ol tocall up the IRAF command language,

o load the "SALT” package. The “SALTY package containg the fllowing park-
apges:

- ‘pfisg”
— “salticam”
— “saltools”
Suppose we have four biss files:
E. 200508 L1000 fits,
2. 8200501 LIGDN2 fits,
3. 200500110003 s,
4. 3200507110004 Hts.
Four flat field files:

. 82005051 10005 fits,
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2. 5200501110006 fits,
3. s200501110007 fits,
4. 5200501110008 fts,
and four target FITS files containing the target star(s):
1. s200501110009 fits,
2. 2005011100140 fits,
3. s200501110011.fits,
4. 8200501110012 fits,

Our aobjective is to correct the bias and the flat fields on the target files.

The first step is to load the “salticam” package and then edit the parameter file
of the “shias” package in order fo create a master bias frame. A list of bias files n
the file “hias” is created and the “mimagesd” parameter has to be cdited to “Ghias”.
For the output file the “outbias” parameter is changed to “zerofits" meaning that
the master biag frame will be created with the name “zero.fits™. Other parameters
that may need editing include the otder of its fit o the overscan strip, ete,

Newxt, the “siflat” parameter file is cdited in the same way and place a list of flat
field frames in the file called “Hat” and change the “inflats” parameter to “@flat”.
For the “outflat” paramecter we will use “Hat.fits”. The “biag” paraineter must be
changed to “zero.fits” sinee we are using the master bias frame to remove the bias on
the flat field frames. This creates a master flat field file “flat.fits” for the particular
prebin factor and filter.

Finally, the “sireduce” paramcter file has to be edited, putting in the respec-
tive names of the master hias and master fiat field files created ag explained above.
The resulting bias-corrected and flat felded FITS files will have a prefix “ca” eg
eaS 200501110005 fits. This completes the hasic calibration process for FITS file ob-
tained using SALTICAM camera. [t may also be necessary to correct for dark and
bad pixels at sotne stage.

5.5.3 Other IRAF packages
The following packages are included in IRAF:

s dataio
This package allows the user to comvert the format of the data.
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& 11080

This package gives the user a wide range of options, to generate artificial data,
to do aperture photometry and photometry of crowded fields, ete. Digiphot
15 a photometrie package that 18 meluded in the noao package. Within the
digiphot package there are following packages that are used for photometry :

1. apphot
This package is used for aperture photometry.
2. daophot
This packsge is used for photometry on crowded fields.

3. photcal
This package is nsed for photometric calibrations.

4. ptools
This package contains photometry tools:

s plot

Thiz 1= a plotting package that generates greyscale plots of an image, makes
contour plots, etc,

+ image
This is used for image processing e.g. to compute the coordinate transforma-
tions, to do pnage arithunetic, ete.

5.5.4 DAOPHOT

DACPHOT is a computer program for obtaimning photometric magnitudes and po-
sitions for stellar objects in a CCD mmage. Displaying of images and a few other
procedures may be done outside of DAOPHOT (e.g. the DSY image displaying pro-
gram}, The user must have knowledge of, amongst other things, the gain, readout
naise and FWHM of objects in the frame.

DACPHOT will find star-like objects above o certain threshold and derives aper-
ture photometry for these objects. DAOPHOT will also ohbtain the PSF of the entire
frame using one star or geveral stars. When fitting the PSF to each star, DAOPHOT
will obtain their positions and magnitudes.

DAOPHOT Models

DAOPHOT offers a wide range of choices in modelling the PSF. The PSF model
consigts of an analytical function (eg. a Gaunssian) together with a semi-emperieal
iockup table representing the deviations of the PSF from o Gaussian., Apart from a
Gaussian, Lorentz and Moffat function may also be used.
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# The Gaussian function has two free parameters: the half width at half maximum
{HWHM) in x and v. The Gaunssian function may be clliptical, but the axes are
aligned with the x and y directions in the tmage.

o The Lorentz function has threc free paramcters: the HWHM in the x and v
dircetions, and a position angle tor the major axis of the ellipse.

e The Moffat function 18 proportional o

_.\.d\--l
REE

where 2° = 2% fol + opgay + 57/ cr:. 3 has two cases. The first case, F = 1.5 and
the second case is when 5 = 2.5, There are also three free parameters called
the shape parameters.

¢ A “Penny” function {Penny and Dickens 1986} is the sum of the Ganssian and
the Lorentz functions, having four free parameters: the HWHM i the x and
y direetions, the fractional amphiude of the Ganssian tunction at the peak of
the stellar profile and the position angle of the tilted elliptical Ganssian, The
Lorentz funetion may be elongated, but its Jong axiz must be parallel to the x
O ¥ BXis,

s A “Penuy” tunction has five free parameters. In this case, the Lorentz function
may also be tilted in a different direction from the Gausslan.

5.5.5 Using DAOPHOT on SALTICAM Data

The first step i data redoction i to calibrate data using the IRAF/SALT package
in the case of omlti-extension FITS files from the SALT telescope. Calibration of
simulated SALTICAM data is donc using the “salticam” task. This task correets the
bias and the flar field on the image (as explained in section 5.5.2). After performing
image calibration, the next step 18 to extract photometric data using various tasks
in DAOPHOT package within IRAF. Correction of aperturc photometry may be
perdforined using the mkapfile tagk in the photeal package.

The initial step of photometric extraction 8 to dizplay the Image and select a few
bright stars in the frame and mn imexam to obtain the FWHM P5F of these stars.
The FWHM PSF will be uscd to obtain the appropriate valucs on the parameters
that are nged in the following tasks: (datapars, centerpars, findpars, fitskypars
and photpars). Some of these parameters are used in the daofind task used to
detect ohjects in the frame. The “threshokd” parameter in the findpars algorithm
parameter has to be modified and the task rerun for detection of the omitted ob-
jects, This process 18 repeated until all the obijects tn the frame are detected. A file
containing the information about the eoordinates, roundness, sharpness and ete. of
those detected objects is created antomatically after each run.
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The phot task is used to obtain the initial magnitudes of all the objects detected
in the frame by the daofind rask. The information that is obtained is used to compute
the PSF maodel that will be fitted to all the stars in the frame. Once agaim, a file
containing the computed PSF infomation is ereated sutomatically after running phot
task. The next step is to compute the PSF model using the psf task. After obtaining
the PSF model, it has to be fitied to all the stars in the frame. There are three
fitting rontines: peak, nstar and allstar. The peak task fits the PSF model to
the stars individually while the nstar task fits the PSF model to a group of stars
aimmltancously. Lastly, the allstar task, fits the PSF model to the deteeted ohjects
atid groups these objects together, After grouptng these objects they arc subtracted
from the frame and a file containing the new magnitudes, the magnitnde srrors, x
and i coordinates, the id, ete. .. of the objects is created. Because the aame aperture
sizes are used for the bright and famt stam an apetture correction {the correction for
the finite size of the apertime} should be applied to account for the flux that falls
outside the aperture. The aperture correction is computed from a plor of magnitude
against the aperture size (L.e. growth curve). It is deterinined using the mkapfile
task in the photcal package.
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Tests and Applications
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Chapter 6

Characterisation of the
SALTICAM CCJI Bias

i.1 Introduction

In this chapler, resultg aned tests that were carmied out on the SALTICAM CCDs
are presented. SALTTCAM will be userd to collect data with high aceuraey, so it is
very important to investigate factors that may affeet the accuracy. Frames of diller-
ent readont speeds and different binming factors are required for this investigation.
Further, it is very important to check the stability of the detector. Prior to the sce-
ond major use of SALTTCAM by the engineers, we spent several days examining the
performance of the SALTICAM CCDs.

We first investigate the bias stability over a substantial period of time in 1 % 1
binning and both readont modes (fast and slow readout modes, respectively), The
results of these lnvestigations are given in Sections 6.2 to 6.4, We then looked at
the bias (preseat and image regions) as a fumetion of pesition, in three different
binning modes (1 x 1, 4 x 4 and 9 x 9) and both readout modes, The results of
this investigation are given in Section 6.5, We only managed to obitain bias frames
ugitie the BRIGHT gain setting. This was due to problems experienced with the
SALTICAM electronies beyond our control, COur aim was to investigate variations of
the bias level on the SALTICAM CCDs. For this thesis, emphasis was placed on the
variations of bias level, measured on the prescan region and on the image region, ns
a function of time. In addition. measurements of the operating temperaturc of the
CCDs and ather compeonents {(SDSU, cold bux, cold end and the heater ) were obtained
as functions of time. The variation of bias level with temperature was investigated.



Prescan Area | A; X0 | Y 5
1{A) 12 44 | 987 | 3075
2 (B} 2104 | 2136 | 987 | 3075
3(C) 2160 | 2192 | 987 | 3076
4 (D) 4253 | 4284 | 987 | 3075

Table 6.1: The coordinates (X, Y1) and (X5, ¥3) of diagonally opposite comers of
windows created on the prescan region of the bias frame in 1 x 1 binning mode.

6.2 The Iutensity of the Bias Frame as a Function
of Time

When a CCD 1z read out with essentially a zero exposure time, one ohtajns a frame
that has a non-zero average value due o the bias oflzet. This bisg offset must he
subtracted from every image before any arithmetic manipulation of the data. Since
the hias offset estimate can also be obtained from the prescan region (as explained in
the previous chapters), one can compare the bias offset values on both the imaging
and the preacan regiona which should be the same. The variation of bias level with
time 18 also an important {actor.

We begin with an investigation of the variation of ias between the prescan and
the image regions. We started by creating one window ol each lmage and prescan
region of the bias frames. These windows were created to avoid bad/hot pixels and
other effects on the frames. The mean bias level obtained within these windows is
then plotted against time, to determine the stability of the bias level in the image
and the prescan regions, respactively.

6.2.1 Windows Created on the T3as Frame

Tables 6.1 and 6.2 show the coovdimates of diagonally epposite corners of windows
that were created in the prescan and image regions using the SCAM software (X is
measured along rows and Y along the columns). SALETICAM has two CCD chips,
each clip is read out by two amplifiers (one on each side of the CCD chip) as shown
in Figure 6.1. Due to faulty electronics of the SALTICAM camera, the first channel
{labelled A in Figure 6.1) of the SALTICAM CCDs was very neisy and could not be
used for this experiment.



Image Area | X Xo | Y ¥;
1 (A} 456 | B48 | 483 | 3627
2 (B) 1300 | 1692 | 483 | 3827
3(C) | 2604 | 2096 | 483 | 3627
4(D) | 3448 | 3840, 483 | 3627

Table 6.2: The coordinates (X, Y1} and [Xz, Y3} of diagonally opposite comers of
windows created on the image region of the biss frame in 1 x 1 binning mode.
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Figure 6.1: A achematic diagram showing the SALTICAM CCDs. The labels A B,C
and I} show the amplihier m each channel and the arrows show the readout divection
of each amplifier. The prescan regicos are cleatly identified.

6.2.2 Results and Discussion

The bias frames used for this work were obtained using a 1 % 1 binning factor and both
slow and fast readout modes. For the fast and slow readout modes. the bias frames
were obtained for 9 hours and 14 hours, respectively. The statistical parameters
{caloulating the mean, standard deviation, mininmm, and the maximum} of each bias
frame were computed using the PIP sofiware (developed by Dr. Luis Balona). We
started by creating two files, one contaming the coordinates of the windows (defined
m Section 6.2.1 above) and the other containing the names of the bias frames, and
complited the mean bias level (usmg PIP) on each window. The standard ervors
for the measurements were calculated nging oz = g, /+'N, where o, is the standard
deviation per pixel and N is the mumber of independent pixels in the window. The
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error bars shown arve 1007 error bars to ensure visibility. Tiuoes alter 0* UT have had
Zd hours added i Figures 6.2 and 6.3 to produce a monotonically increasing scale

for plotting the data, The fpures show a significant variation of bias with thme.

Fast Readout Spoecd

| i _| T | 5E | T 1 T 1 T T
2a0 e zan [~

255 — s 265 |- i =
E E = =+ Hresonn Aren d 7

280 - | — 284 o\
-} - - s T
w = - E 1
= A - o 2H0 3 — -
g E = g - g
L EBs - -2 Wsi 5 et
& o x <+ 5 b > d
§ dBU": ; 280 :_ f ) Prexcan Arena 3_:
il =] ava I | i | Ty I iy =
290 5 = N AN L LT 57 I ) L L
2RE :_ _: 285 :— X —:
apo — _: B :— —-:
a5 :— i Irage Ares 8 — 255 - e ]
Bl gl o Do gt s wqe i Bl il e ieniaty g IPl il g % a
24 a0 ae s 24 o2 a4

28 T Z 30
TIME (UT) TIME (UT)
Figure 6.2: Mean bias level {ADU counts} plotted against time {(UT). The biases
meastured {rom the image region and the prescan region of the CCDs are shown in

the left and right panels respectively. The readout speed of the camera was set to
fast readout mode. The error bars shown are J0r error bars to ensure vigibility.

In Figurs 6.2 the mean bias level ohtained using fast readeut is plotted agaimst
time. All image and prescan areas show a similar pattern; the hias level drops rapidty
in the first hour and followed by a gradual rise, Between the different image {and
prescan} areas {compare areas 2, 3 and 4}, there is a difference in the absolute hias
level. Note, however, that this 18 an inherent setting of the CCD. The actual biag
level setting is sat by a SALT technician and so oflsets can ocour between the readout
sections.
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Slow Readout Specd
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Figure 6.3: Mean bias level (ADU counts) plotted against time {UT). The biases
measured from the image region and the prescan region of the CCDs are shown on
the left and right panels respectively. The readout speed of the camera was set to
slow readout mode. The error bars shown are 100z error bars to ensure visibility,

Figure 6.3 shows plots of the hiaa level obtained with slow readont mode (in both
the image and the prescan repions) plotted against time, As before with the data
obtained in the fast readout mode (see Figure 6.2}, the bias variation as a function
of time looks nearly identical across all the image and prescan areas. A rapid decline
{lasting ~ 1 hour), is followed by a slower decline and eventually by a gradual ncrease
in the bias level.

The cause of the temporal variations of the bias level will be locked at in detail
in the following two sections. where we explore the time variability of various compo-
nents of the CCID (Section 6.3} and imvestigate a correlation between bias level and
temperature (Section 6.4).
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6.3 CCD Temperatures as a Function of Time

Data for the operating temperatures of the CCD were abtained for both [ast and
slo readout modes, Figures 6.4 and 6.5 show the data of the different temperatures
plotted against time, one notices that the data look quantised. This is not due to a
round-off error, but intrinsic to the data recorded. Note as well that the tetnperature
steps are not uniform. For example the CCD temperature measured {and plotted in
the lower panel of Figore 6.5) iz 149,19, 149.29, 14939, 149.49 and 149,58 Kelvin,
bere the latter step is .09 Kelvin and not 0.1 Kelvin as for the others. These data
ware nsed to investigate the effect of temperature on the hias level. In this section
the temperature of the CCOD (denoted by CCD in the graphs), the cold end tempera-
ture [C_End), the cold bux temperature (C_Box), the SDSU Controller temperaturs
(SDS1T), and the heater temperature were plotted against, the time (UT),

e Cold End temperature

The Cold End temperature is the temperature of a plate on top of the cry-
otiger, measmed in Welvin, The cryotiger ia the device that is nsed to cool the
SALTICAM CCDs to a required temperature, in order to reduce the thermal
noise in the CCD,

s Cold Box temperature

The cold box temperature is the temperature of the honsing of the OCDs,
measured in degrees Celsiug, (C).

s CCD temperature

The CCT) temperatiue is the temperature at which the CCD operates, measured
in Kelvin,

» SOSU Controller temperature

This is the temperature of the San Diego State University (STISU) controller,
measured in degrees Celsiug. (°C). The SDSU i3 connected to SALTICAM and
a computer. After the SALTICAM CCD has finished clocking, it takes the
readoit sipnal to the SDEU and the S3D5U takes the signal to the computer.

» Heater temperatme

The CCDs are placed on a cold plate which is cooled below operating tempera-
ture by the crvotiger. A heater element and a sensor on the cold plate repnlates
the CCD temperature precisely.

The heater temperature data was discarded since it was noisy. The plots of the
cold box and cold end have the similar shape as the SDSU temparature plots. Plota
of the bias level with time (Fipures 6.2 and 6.3} have a pattern similar to plots of the
temperature with titne, indicating a strong correlation of the bias with temperature.
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6.4 Corrcelation of Bias Level with Temperature

In this scetion the comparison of the smoothed SDSU tcmperature with bias level is
presented. Figures 6.6 and 6.7 show the similarity between the plots of the tcmpera-
ture of the SDSU with bias level. Since the SDSU temperature is less noisy and has
a better defined shape than the others it was selected as the data set to determine
the relationship between the temperature and the bias level. A small MATLARB code
(refer to Appendix E) was ysed to bin the data (using a binning factor of 15 min-
utes with each binning containing 15 data points) to reduce the scatter of the data.
Figures 6.6 and 6.7 show that the SDSU tewperature and the bias level are strongly
correlated.
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Fipure 6.6: The top panel shows the time-dependence of the SDSU temperature
{Celsiug) while the bottow panel shows the tine-dependence of the bias level (ADU
coumts). This is for fast readout mode. Note the similarity in the shape of both
curves indicating the strong correlation between the bias level and the temperature.
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Figure 6.7. The top panel shows the time-dependence of the SDSU temperature
{(Celsing) while the bottom panel shows the time-dependence of the bias level (ADU
counts). This iz lor slow readont mode. Note the similarity in the shape of bath
curves indicating the strong correlation between the bias level and the temperature.

To ubtain the relationship between bias level and SDSU tempersture, we plotted
the two against each other, This is shown in Figures 6.8 and 6.9 (both fast readout
mode) and Figure 6.10 (slow readout mode), In those figures the different symbols
represent different relations when the temperatare is declining and when it is increas-
ing. After plotting the SDSU temperature againgt the hias level a polynomial was
fitted to the curve. The package used to fit a polynomral uses the method of least
scuares (explained in the Appendix B) and produces values of the coefficients and
the standard error. These polymomial coeflicients can be used to interpolate the bias
level and SDSU temperatwre at a give time. In this way, the correlation between bias
level and temperature can be determined.

3



270

O Time (UT) <255 h /
268 linear -
Time (UT) = 255 h
266} H
£ #
3 264 L . i -
5, P
& 262¢ / £ 1
o ) g
= '¢
/ s -
= .
258'- * :
256 / " -
it !
D54 = : : :

255 28 268 °F @2r5 2B D@
SDSU Temp (Deg. Ceal

Figure 6.8: The biag level plotted against the SDSU temperature for the fast readout
mode. The best linear fit to the data of the declining temperature. The values of
the coetlicients are shown tn Table 6.3

6.4.1 Results and Discussion
Fast Readout mode

Figures 6.8 and 6.9 show that a polynomial of first order (ie. ¥ = ag + ayz) and a
third order polynomial {i.e. ¥ = ag + @17 + aex” -+ a3z° best fit the data, where y
is the mean bias level and = is the SDSU temperature (the second order polynomial
didn't give best fit to the data), For other data sets, (see also slow readout mode) the
best, fits are linear however for Figure 6.9 the best fit is a polynomial for reasons not
well understood. The figures represett different relations when the temperature is
deelining {open cirele in Figure 6.8 ) and when it is mcreasing (crosses in Figure 6.9).
Tzble 6.3 shows the values of the best coefficients {#q, 0, and a3}, standard errors and
the norm of residuals (the norm of residual is the measure of the goodness of the fit)
of polynomials fitted to the data.
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Figure 6.9: The bias level plotted against the SDSU temperature for the fast readout
mode. The hest cubic fit to the data of the increasing temperatere. The values of
the coeflicients are shown in Table 6.3

Slow readount mode

A similar investigation to the fast readont mode an investigation was made on the
resulta of slow readout mode. The relations for incrensing and declining temperature
{and {he bias) are plotted. Figures 6.10 and 611 show that the relationship between
hiag level and temperature in the slow readout mode is a polvnomial of first order {i.e.
t = ap + a1r) where y ig the mean bias level and & i3 the SDSU temperature. These
relations have diferent gradients lor different temperature {rapid and gradual decline
and increase). In Figure 6.11, hree different regions of variations are identified.
Region A (rapid decline of temperature/bias), B (slow declineg) and C [(increase).
Figire 6.10 shows the fit to the corrolation of the termperature and bias for rapid
decline. This relation is similar to the fit of the correlation for the inerease(C in Figure
f.11}. The slow decline (B3} is different to A and C. This could be because because
nf a pogaible hysteresis effect during this transition phase and is worth investipating
in detail in future studies. Table 6.4 contains the values of the coefficients, standard
crrors and the norm of residuals of the linear relaiions.
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Figure 6.1 The bias level plotted against the SDSU temperature for the slow
readout mode. The plot shows three different cases of the temperature represented
by differett points. The line {marked by A) represents the best fit to the data of the
initial rapid decline in temperature. The values of the coefficients are shown in Table

.4

Best fit | Cocflicients | Values of Coeff, | Norm of regiduals
Lingar tlp 81 .80 L H 43 054

e 31 H.8 £ 0,28
Cubic fle 172004 2.29

e 31 1.2E003

{ta -4

113 Dﬁg

Table 6.3: The values of the coefficients and the Norm of residnals of the best fit to
the data {Fast readout mode).

ilf



1
Jlow read—out

200 - 0 205 < TIME {UT) £ 24.5 h (B)

5 E
w5 e
T ¢ S
g i
< 206 |- ol
m
&
[n2]
=]
g "
= " _3___.-?\'-'::
zon . __,.--"""-F#_-:'_i'. =
L ___:.--""- o
- :7'-"
| 1 P -
24.5 25 2t 26.5

L« TIME (UT) = 24.5 h {0)

Figurc 6.11: The plots show a zootn in section in Figure 6,10, The lines (marked by
B and () represent the best fit to the data, where B is for the gradually declining
temperature and C i3 for the increasing temperature. The values of the coelficients

arc shown in Table 6.4

| Line | Coofficients | Values of Coddf. | Norm of residuals
A g 197 .66 4 9,88 134
iy 367+ 033
B 4 141.48 + 4.82 (.38
iy 2804018
[ g 19623 £3.2G 4l
iy 3.74+£0.13

Tahle 6.4; The valuss of the the coeflicients and the Norm of residuals of the best fit
to the plots AB and € {Slow readout mode}.
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6.5 Investigation of bias variation in individual CCI
Channcls

This section presents an investigation of how the bias level varies within each mnage
and prescan region of the CCDs. We also discuss how the bias level on the fage
region changes with the bias level on the prescan region. The expectation is that the
mean biag lavel should be the same in both vegions and should cancel when one region
is subitracted from the other. Knowing how the bias level changes on the image region
and prescan region will help one to understand factors that can affect the accuracy
of the data. The prescan region can give 4 good estimate of the bies level, but it is
important to nveatigate iss stability.

For this section, 30 bias frames were obtained (i.e. 10 frames per binning factor,
5 per readout mode, slow and fast, respectively) using the BRIGHT gam setting. To
investigate potentisl varistions, four witdows on each tmage and prescan region of
the frame were created and statistics {e.g the mean, standard deviations, median,
maxitnnm and the minimnum) within these windows was obtained uwsing the PIP
suftware as explained in the previous section. The standard error of the measurement
were calculated using the error propagation rule, see Taylor (1997).

6.5.1 Results using a 1 x 1 bhinning

As proviously explained it is not advisable to use the entire image region to find the
mean bias level, because there ean be bad/het pixels in the CCD. To aveid these bad
pixels, one needs to create windews on the image and presean regions and measure
the bias level within these windows. Thble 6.5 shows the coordinates of the multiple
windows created in each individual image and the prescan regions of the frame, Note
that each window rhat is created on the image region has an adjacent window that
corresponds to it on the prescan region. The error bars shown in the plots are 100
error bars to ensure visibihity,



Image region Prescan region
CCD1(A)chamnel 1 | X; | X, | Y3 Y, X, | X2 | Y Y,

1 250 | 850 |131 979 |10 42 131 | 979

2 250 | 850 | 11311979 10 42 1131 | 1979
3 250 | 850 | 2115|2047 | 10 42 2115 | 20947
4 250 | 850 | 31313939 10 42 3131 | 3939

CCD 1 (B) channel 2 | X; | Xz |V | Y | X% | X. | Y | Y
1300 | 1890 | 131 | 979 | 2106 | 2138 1131 979
1300 | 1890 | 1131 | 1979 | 2106 | 2138 | 1131 | 1979
1300 | 1860 | 2115 | 2047 | 2106 | 2138 | 2115 | 2947
1300 | 1800 | 3131 | 3839 | 2106 | 2138 | 3131 | 3939
CCD 2 (C) channel 3 | X; | Xz | Vi | Y2 | X% | X2 | Vi | Y,
1 2400 | 3000 | 131 | 979 | 2158 | 2190 | 131 | 979
2 2400 | 3000 | 11311 1979 ; 2158 | 2190 | 1131 | 1979
3 2400 | 3000 | 2115 | 2647 | 2158 | 2190 | 2115 | 2047
4 2400 | 3000 | 3131 | 3839 | 2158 | 2190 | 3131 | 3939
CCD 2(D)channel 4 | Xy | Xo |V} Ys X X 1Y Ys
1 3400 | 4040 | 131 | 979 | 4254 | 4286 | 131 | 979
2 3400 | 4040 | 1131 | 1979 | 4254 | 4286 | 1131 | 1979
3 3400 | 4040 2115 | 2947 | 4254 | 4286 | 2115 | 2947
4 3400 | 4040 | 3131 | 3939 | 4254 | 4286 | 3131 | 3939

ok

e O3 b

Table 6.5: Coordinates (Xi,Y;) and (X,,Y2) of diagonally opposite corners of the
windows created on both the image and prescan regions of the CCD.

6.5.2 Results and Discussion

The mean bias level obtained within the windows created on the prescan regions were
subtracted from the mean bias level obtained within the adjacent windows on the
image regions. The results are plotted against time to investigate how the difference
in the bias level between prescan and image region varies. As expected from the
previous analysis (Section 6.2 to 6.4) there is no substantial change in the bias level
over this short period ~ 1.5 minutes. Figures 6.12 and 6.13 confirm the temporal
stability of the difference in bias (image - overscan) for the four different readout
windows for the data obtained in slow readout mode. In these figures the difference
between the bias measured for the image and as measured from prescan is shown, i.e.
difference mean bias = image region - prescan region. The error bars correspond to
1000, where o of the data taken in the fast readout is different to o of the data taken
in slow readout mode.
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Results of the fast readout mode
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Figure 6.12: The difference in the mean bias level measured in the prescan and
image regions (ADU counts) plotted against time (UT) for the first and the second
channels of the first CCD (channel 1 and 2), respectively, for fast readout mode.
The numbers 1, 2, 3 and 4 indicate the windows created in each individual image and
the prescan region of the CCD (see Table 6.5). The error bars shown are 1000 error
bars to ensure visibility.
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Figure 6.13: The difference in the mean bias level measured in the prescan and image
regions (ADU counts) plotted against time (UT) for the first and the second channels
of the second CCD (channel 3 and 4), respectively, for fast readout mode. The
numbers 1, 2, 3 and 4 indicate the windows created in each individual image and the
prescan region of the CCD (see Table 6.5). The error bars shown are 1000 error bars
to ensure visibility.
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Results of the slow readout mode
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Figure 6.14: The difference in the mean bias level measured in the prescan and image
regions (ADU counts) plotted against time (UT) for the first and the second channels
of the first CCD (channel 1 and 2), respectively, for slow readout mode. The
numbers 1, 2, 3 and 4 indicate the windows created in each individual image and the
prescan region of the CCD (see Table 6.5). The error bars shown are 100c error bars
to ensure visibility.
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Figure 6.15: The difference in the mean bias level measured in the prescan and image
regions (ADU counts) plotted against time (UT) for the first and the second channels
of the second CCD (channel 3 and 4), respectively, for the slow readout mode.
The numbers 1, 2, 3 and 4 indicate the windows created in each individual image and
the prescan region of the CCD (see Table 6.5). The error bars shown are 100 error
bars to ensure visibility.
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Discussion

Figures 6.12 to 6.15 show plots of the difference in the mean bias level on the image
region and the prescan region against time. We have plotted the difference in the
mean bias level on the image region and the prescan region at different areas of the
CCD (windows 1 to 4, see Table 6.5). If the difference is positive then it implies that
the bias level on the image area is higher than on the prescan region; if the difference
is negative the bias level on the image region is lower than that on the prescan region.

We need to understand why there is a difference in bias level between the prescan
and image regions in the first place. It is clear that the difference persists in both fast
and slow readout modes. This is an important problem which needs further investi-
gation as it means that the prescan region cannot be used to remove the bias. One
needs to know whether it is the prescan bias or the image bias which correctly rep-
resents the true bias. Figure 6.16 shows the spatial correlation of the bias difference;
there is a clear gradient in the mean bias level difference from top to bottom.
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Figure 6.16: Plots of the mean bias level difference (in Figures 6.12 to 6.15) averaged
over the four windows created in every channel of the four frames (y-axis) plotted
against the window number (x-axis). These plots show that there is a spatial variation
of bias level difference (image — prescan) from top to bottom in each channels (i.e.
from windows 1 to 4, corresponding to measured y-position on the CCD).

65



6.5.3 Results using a 4 x 4 Binning Factor

In 4 x 4 binning, four columns and four rows are combined to form what is called a
“superpixel”. Binning is used to reduce the noise and to increase the signal-to-noise.
The frames were obtained with the gain set to BRIGHT. Windows were created
on the frames to do statistical analysis. Table 6.6 contains the coordinates of the
windows created on the image and prescan regions.

Image region Prescan region
CCD1(A)channel 1 | X; | X, |V} |Yo | X7 | X |17 | Vi

1 72 | 188 |39 | 245]2 |8 |39 |245
2 72 |188 | 275 4672 |8 | 275|467
3 72 1188 |519|725]/2 |8 |519{725
4 72 188 |765|955/2 |8 | 765955
CCD 1 (B) channel 2 | X; | Xz |V: | Y2 | X1 | Xz | Vi | Y5
1 350 | 466 | 39 | 245 | 530 | 536 | 39 | 245
2 350 | 466 | 275 | 467 | 530 | 536 | 275 | 467
3 350 | 466 | 519 | 725 | 530 | 536 | 519 | 725
4 350 | 466 | 765 | 955 | 530 | 536 | 765 | 955
CCD 2 (C) channel 3 | X, | Xz | Y; | Ya | Xi | X2 |V | Y

1 610 | 726 |30 | 245|540 | 546 |39 | 245
2 610 | 726 | 519 | 725 | 540 | 546 | 519 | 725
3 610 | 726 | 275 | 467 | 540 | 546 | 275 | 467
4 610 | 726 | 765 | 955 | 540 | 546 | 765 | 955
CCD 2 (D) channel 4 | X; | X2 | Vi | Y2 | X1 | X2 | % | Ya

888 11004 | 39 | 245 | 1068 | 1074 | 39 | 245
888 | 1004 | 275 | 467 | 1068 | 1074 | 275 | 467
888 | 1004 | 519 | 725 | 1068 | 1074 | 519 | 725
888 | 1004 | 765 | 955 | 1068 | 1074 | 765 | 955

e N

Table 6.6: Coordinates (X;,Y1) and (X,,Y2) of diagonally opposite corners of the
windows created on both the image and prescan regions of the CCD.

6.5.4 Results and Discussion

As previously performed for the 1 X 1 binning, a statistical analysis was performed
in the windows specified by the coordinates in Table 6.6 (for 4 x 4) using the PIP
software. The mean bias level on the prescan region was subtracted from the mean
bias level on the image region. There were no variations of the bias as a function of
time over a short period, as expected.
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The results obtained using 4 x 4 binning, conform to those obtained using 1 x 1
binning, and indicate that the puzzling differences in bias level between prescan and
image regions are not isolated to 1 x 1 binning. As observed in the 1 x 1 binning, the
bias level did not show any variations as function of time in a short period.

As also observed in the 1 x 1 binning plots, the difference mean bias level on
top panel (window 1) is lower than the difference mean bias level on bottom panel
(window 4) in the 4 x 4 binning plots. Figure 6.17 shows spatial correlation of the
bias difference. This is further evidence that mean bias level has a gradient from top
to bottom (windows 1-4 in the figures). The other observation that was made is that
the mean bias level on the prescan region is always lower than the mean bias level on
the image region for both the fast and slow readout modes.
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Figure 6.17: Plots of the mean bias level differences averaged over the four windows
created in every channel of the four frames (y-axis) plotted against the window num-
ber (x-axis). These plots show that there is a spatial variation of bias level difference
(image — prescan) from top to bottom in each channel (i.e. from windows 1 to 4,
corresponding to y-position on the CCD).
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6.5.5 Results using a 9 x 9 Binning Factor

As a final experiment in our investigation of the bias difference between image and
prescan we present results using 9 x 9 binning. Table 6.7 shows the coordinates of
the windows created in the prescan and the image regions of each channel.

Image region Prescan region
CCD1(A)channel 1 | X; | X2 |V Yo | Xy | X |7 | V5
1 32 |74 |27 11210 42 15 | 109

2 32 |74 1351218110 42 125 | 220
3 32 |74 (24933710 42 235 | 327
4 32 |74 353|434 |10 42 347 | 437

CCD1(B)channel2 | X; | X5 |Y; | Yo | X, Xy Yi 1Y,
166 | 208 1 27 | 112 2106 | 2138 | 15 | 109
2 166 | 208 | 135 | 218 | 2106 | 2138 | 1251 220
3 166 | 208 | 249 | 337 | 2106 | 2138 | 235 | 327
4 166 | 208 | 353 | 434 | 2106 | 2138 | 347 | 437
CCD2(C)channel 3 | X; | X, |1 Yo [ Xy | X |17 | Y2
1 272 1 314 1 27 | 112 | 2158 | 2190 | 15 | 109
2 272 | 314 | 135 | 218 | 2158 | 2190 | 125 | 220
3 272 1 315 | 249 | 337 | 2158 | 2190 | 235 | 327
4 272 | 314 | 353 |1 434 | 2158 | 2190 | 347 | 437
CCD2(D)chamnel 4 | X; | X, |V} |Yy | X, | Xy, |V |V,
406 | 448 | 27 1112 | 4254 | 4286 | 15 | 109
406 | 448 | 135 | 218 | 4254 | 4286 | 125 | 220
406 | 448 | 249 | 337 | 4254 | 4286 | 235 | 327
406 | 448 | 353 | 434 | 4254 | 4286 | 347 | 437

ek

e GO DI

Table 6.7: Coordinates of diagonally opposite corners of the windows created on both
the image and prescan regions of the CCD using 9 x 9 binning,.

Results and Discussion

As observed in the previous sections the bias level did not show any significant varia-
tion as a function of time over a short period. Figure 6.18 shows, once again, a spatial
correlation of the bias difference. The bias difference is positive, indicating that the
mean bias level on the prescan region is always lower than the mean bias level on the
image region (for both the fast and slow readout modes). These results conform to
those obtained using 1 x 1 and 4 X 4, once again indicating clear differences in bias
level between prescan and image regions, where the amount of bias difference varies
per binning (compare the scales on Figures 6.16, 6.17 and 6.18).
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Figure 6.18: Plots of the mean bias level difference averaged over the four windows
created in every channel of the four frames (y-axis) plotted against the window num-
ber (x-axis). These plots show that there is a spatial variation of the bias level
difference (image — prescan) from top to bottom in each channel (i.e. from windows
1 to 4, corresponding to y-position on the CCD).
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6.5.6 Analysis of contribution of the bias

In this subsection we are analysing the individual contribution of the image and
prescan regions to the bias level of the CCD. In the previous sections we only looked
at the bias difference. Variations of the bias difference can be due to variations in
the image region, the prescan region, or a combination of both. For this analysis,
we only investigate the behaviour of the first channel of the first CCD (CCD 1A =
channel 1), as the overall variation seems similar for each of the channels. The three
binnings (1 x 1, 4 x 4 and 9 x 9) are investigated.

In each of the different windows (see tables 6.5, 6.6 and 6.7 in pages 59, 66 and 69
respectively) in the first channel (image and prescan region), the mean of the bias of
the five data frames was determined. Occasionally, only four frames were averaged,
when the mean bias level was influenced by a cosmic ray. Also, it was noted that
when changing readout mode (slow to fast, or vice versa), the bias level both in the
prescan and image region takes some time to settle to a constant level (although the
difference stays constant, see Figures 6.12 and 6.13). The first frame obtained after
changing readout mode was not used in the determination of the mean bias because
of this effect.

In Fig. 6.19 we show the variation of the mean bias level in the image region (filled
circles) and the prescan region (crosses) in the lower boxes, and the difference bias
level (filled squares, upper box), for each of the binnings used (1 X 1: upper panels,
4 x 4: middle panels, 9 x 9: lower panels) for the fast readout mode. The standard
deviation of the mean bias level is 0.4, 1.8 and 1.4 counts, for 1 x 1,4 x4 and 9x 9
binning respectively (same for image and prescan region). Both the bias and prescan
bias levels decline as a function of increasing y-position on the CCD. It appears that
this decline is not linear (most noticably in the 1 x 1 binning), although the variation
(with y-position) of the bias diffeerence (image - prescan) is linear. With increasing
binning, the difference between the bias in the image region and the prescan region
clearly increases. This was seen before in Figs. 6.16, 6.17 and 6.18.

Fig. 6.20 shows the same for the slow readout mode. In this readout mode, the
standard deviation of the mean bias level is 1.1, 0.2, and 3.4 counts, for 1 x1, 4x4 and
9 x 9 binning respectively (same for image and prescan region). A slightly different
behaviour is seen in the slow readout mode. A linear increase of the bias in the
image region (4 X 4 and 9 x 9 binning) matched by a (linear) decrease of the bias
level in the prescan region (as a function of the y-position of the CCD) gives rise
to a clear linear increase in the bias difference. The level of this difference increases
with binning, and is larger than in the fast readout mode. Comparing the mean level
of the bias difference (averaged per channel) between the two readout modes, shows
an increasing difference between fast and slow readout as a function of increasing
binning (Table 6.8).
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Binning | Channel 1 | Channel 2 | Channel 3 | Channel 4
1x1 0.96 1.01 1.03 0.82
4x4 3.99 3.4 4.2 4.22
9x9 5.21 4.51 5.52 5.24

Table 6.8: The offset of the averaged bias difference (averaged per channel) between
the slow and fast readout modes (slow - fast) for different binning factors.

6.6 Conclusion

The purpose of the first experiment was to examine the variation of the bias level with
time in both the overscan and the image regions and to determine the relationship of
the bias level and the temperature of the components (i.e. the Cold End, Cold Box,
SDSU and the heater). It was found that the bias level in the SALTICAM CCDs
varies with time. This is shown by Figure 6.2 [page 47| for fast readout mode and for
the slow readout mode this can be seen in Figure 6.3 [page 48].

It was also found that the bias level and the temperature of the SDSU are strongly
correlated. This is shown by Figures 6.10 [page 56|, 6.11 [page 57], 6.8 [page 54]
and 6.9 [page 55] that as the bias level increases (decreases) the SDSU temperature
increases (decreases) as well. It is therefore concluded, that the SDSU temperature
needs to be stabilised to give constant bias level.

The objective of the second experiment was to investigate the difference in the bias
level on the image and the prescan regions and to examine the spatial variation on
the image and the prescan regions of the CCDs for both the fast and slow readout
modes. Figures 6.16 [page 65], 6.17 [page 68] and 6.18 [page 70] show that the bias
level on both the prescan and the image region is not constant along a column, but
showing clear spatial variation. The bias level in window 1 is lower than in window
4 on every channel of both CCDs.

The plots on Figures from 6.12 to 6.15, [refer to pages from page 60 to 63] shows
that there is difference in the bias level between the prescan region and the image
region. This is quite a serious problem, the bias level on the prescan still needs to be
correct for more accurate data acquisition. In all cases the bias level from the image
region is larger than that from prescan region. Figures 6.19 and 6.20 show which part
of the CCD contributes to the difference between the image area and the overscan.
One possible explanation for the differences between the bias level in the prescan and
image regions could be light leakage on to the CCD image region, because light will
affect the image region, but not the prescan region. Also, we note that the difference
in bias level increase with binning, see Table 6.8.
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Figure 6.19: The spatial variation along the first readout section (A, i.e. channel 1) of
the first CCD for different binning factors (top: 1 x 1, middle: 4 x 4, bottom: 9x 9).
For each binning the difference (shown by filled squares) and the individual values
(image region: filled circles, overscan image: crosses) were plotted against position
on the CCD. These plots are for the fast readout mode.
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Figure 6.20: The spatial variation along the first readout section (A, i.e channel 1) of
the first CCD for different binning factors (top: 1 x 1, middle: 4 x 4, bottom: 9 x 9).
For each binning the difference (shown by filled squares) and the individual values
(image region: filled circles, overscan image: crosses) were plotted against position
on the CCD. These plots are for the slow readout mode.
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Chapter 7

The Effect of Aperture Size on
Photometry

7.1 Introduction

In this final chapter an investigation of the effect of aperture size on photometry is
presented using artificial frames. These artificial frames contained stars with known
intensities and positions. They were generated using a program developed by my
supervisor (Dr. L. A. Balona), see Figure 7.1. This program is capable of gener-
ating calibration frames (i.e. bias, dark and flat-field frames), stellar image frames,
spectrum frames and the photon transfer frames for testing purposes. The program
reads the Point Spread Function (PSF) profile from a file that contains the PSF data.
It allows the user to choose the number of CCDs, the prescan factors and numbers
of amplifiers that one wants to use for a particular test. The user can choose the
number of frame to be generated, the mean sky level and number of cosmic rays in
the frames.

For this thesis, the stars in the generated frames were chosen in order of their
brightness. The stellar frames were sparse and no noise was added during the gen-
eration of the artificial frames. Even though the absence of noise in the artificial
frames might limit a comparison with real data (which do have noise), it does not
impact on the current investigation where we solely investigate multi-aperture versus
psi-fitted photometry for bright and faint stars. In comparison with real data, our
errors might seem somewhat small. We used uncrowded fields because the crowded-
field is discussed in Schechter et. al (1993). The sky background was set to 50
ADU/pixel. Photometry information from these artificial frames was extracted using
the IRAF/DAOPHOT package which has several tasks embedded to perform both
aperture and point spread function fitted photometry. Different aperture sizes (i.e.
radius of 3, 5, 8, 11, 14, 17 and 21 pixels) were used to measure the intensities of
these stars in order to investigate how the intensity changes with aperture size. A
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Figure 7.1: This iz an artificial SALTICAM image generated nsing a program de-
veloped by Dz, L.A. Balona. This frame shows all the stars that were used in the
experiments performed in this chapter

gky anpmulis with a radiys of 25 pixels and a width of 12 pixels was used for every
aperture size. As explained in a previous chapter, Chapter 5, the total intensity
within the aperture iz a contribution from both the star and the background sky,
After obtaning the magnitudes, the measured magnitudes were compared with both
the true magnitudes of those stars and the profile fitting results.

Since the stars in the frame were generated with known intensities, f,, the knaown
magnitudes are simply given by

m. = —2.5lug(l.), (7.1

where m, is the magnitude of star nnd I; is the known intensity of the star above the
sky. These known magnitudes were measured relative to that of the brightest star in
this investigation (star 2, channel 2, m = —11.482 mag).
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Input Parameter
PSF Gaussian
FWHM 5.1 pixels
Sky 50 ADU /pixel
Noise No
Stars/CCD 6to7
Range of Mag. | -11.482 to -5.637

Table 7.1: The parameters used to generate the image that was used for this work.

7.2 Results and Discussions

7.2.1 Aperture Magnitude vs True magnitude

The information about the Full Width at Half Maximum (FWHM) of the PSF was
obtained using the imexam task, and pressing “r” or “h” keys on the keyboard for
the radial profile or the histogram respectively. The FWHM PSF of the brightest,
isolated stars was found to be ~5 pixels. This value was used to determine the
algorithm parameters, amongst other things the sky annulus and the initial aperture
size for performing the initial photometric extraction.

The phot task was used to measure the multi-aperture magnitudes of these stars.
After performing multi-aperture photometry, the mkapfile task was used to com-
pute the aperture correction. The aperture correction! helps in obtaining good S/N
and helps in crowded field. This aperture correction, which is always negative, (see
Figure 7.2) is added to the magnitude obtained using a smaller aperture to get the
estimate of the total instrumental magnitude. All the aperture magnitudes quoted
in all the tables in this chapter and used in the comparison with the “input” mag-
nitudes and PSF-fitting magnitudes are aperture-corrected. The aperture-corrected
magnitudes were compared with the input values by computing the differences of the
two magnitudes, in the sense of measured-input. All the magnitudes are calculated
relative to the brightest star in the sample (star2 of channel 2), see Tables 7.2 and
7.3. A FORTRAN code was used to perform the calculations of the magnitudes and
the magnitude differences (see Appendix F).

Tables 7.4 and 7.5 show the values of the difference in the magnitudes for each
aperture size used. The negative values show that the measured magnitude values
are brighter than that of the true magnitudes. Overestimating the sky background
value affects the measurement of the magnitude, as a result of using larger sky annuli
and apertures. If the sky correction value is bigger, it minimises the goodness of the
estimate of the intensity. The deviations of the measured magnitudes from the true

11f one has a frame with several faint and bright stars, we measure the bright stars using a small
aperture (say radius = 1 FWHM) and also with a bigger aperture (say 4 FWHM). The ratio of light
in the small to large aperture, is called the aperture correction.
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Figure 7.2: These plots show the curves of growth(aperture-correction) for channels
2 (bottom panel) and channel 3 (top panel).

magnitudes were plotted against the aperture sizes in Figure 7.3. These differences
in the magnitude values show that the bigger apertures have large errors than the
smaller apertures (see Tables 7.4 and 7.5), however this is not always the case. In some
cases small apertures can be too small to let a significant fraction of light through,
so that photometric errors will be dominated by Poisson statistics. Figure 7.4 shows
the difference in the averaged aperture magnitude and the input magnitude for each
of the stars. The errors increase dramatically towards the fainter magnitudes and
significant deviations start to occur.
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These plots show the deviation of the measured magnitude from the true

magnitude in channels two (left panel) and three (right panel).

Figure 7.3



Aper Size | Star 1 | Star 2 | Star 3 | Stard | Star 5 | Star 6
3. 1.296 0.0 3.442 | 4982 | 2.638 | 4.103
5. 1.204 0.0 3.449 | 4.983 | 2.634 | 4.105
8. 1.293 0.0 3.446 | 4.978 | 2.633 | 4.103
il 1.293 0.0 3.446 | 4.980 | 2.633 | 4.103
i4. 1.294 0.0 3.446 | 4.982 | 2.632 | 4.101
17. 1.263 0.0 3.447 | 4.986 | 2.632 | 4.104
21. 1.203 0.0 3.444 | 4.996 | 2.632 | 4.106
True mags | -10.189 | -11.482 | -8.037 | -6.509 | -8.852 | -7.369

Table 7.2: The measured magnitudes of stars in channel two and a row containing
the true magnitudes of these stars. All magnitudes are calculated relative to the
brightest star in channel 2, Star 2.

Aper Size | Star 1| Star 2 | Star 3 | Star4 | Star 5 | Star 6
3. 4.573 | 4.645 | 1.744 | 3.02 | 2.833 | 4.314

5. 4.566 | 4.646 | 1.742 | 3.025 | 2.83 | 4.317

8. 4564 | 4.648 | 1.742 | 3.021 | 2.831 | 4.319

11. 4.567 | 4.65 | 1.742 | 3.021 | 2.833 | 4.322

14. 4.566 | 4.648 | 1.743 | 3.02 | 2.833 | 4.320

17. 4.562 | 4.645 | 1.744 | 3.018 | 2.834 | 4.317

21. 4562 | 4.638 | 1.743 | 3.015 | 2.833 | 4.317
True mags | -6.905 | -6.828 | -9.739 | -8.454 | -8.646 | -7.156
Profile mags | -6.915 | -6.836 | -9.739 | -8.458 | -8.651 | -7.161

Table 7.3: The measured magnitudes of stars in channel three and a row containing
the true magnitudes of these stars. All magnitudes are calculated relative to the
brightest star in channel 2, Star 2.
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Figure 7.4: The difference of the averaged-aperture magnitudes and the ‘true’ mag-
nitude as a function of brightness of the star. Significant deviations occur for faint
stars.

7.2.2 Aperture Magnitude vs Profile Fitting Magnitude

The pstselect task was used to select stars that were used for computing the PSF
model for all stars in the frame. These stars were then used in the psf task to
compute the PSF model that is fitted to all stars in the frame. The PSF model that
was used was a Gaussian. This PSF model is fitted to the stars and subtracted from
the frame using the allstar task. At the end of the run, the task also outputs the
best fit magnitudes for all the stars. If the subtracted stars are not visible or there
is no evidence of where they were, then this means that the PSF model fits the data
well. But if the subtracted stars are still visible, then the PSF model is not a good
model for the data and has to be recomputed using different set of stars.
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Aper Size Star 1 | Star 2 | Star 3 | Star4 | Star 5 | Star 6

3. 0.003 | 0.000 | -0.003 | 0.009 | 0.008 | -0.01

5. 0.002 | 0.001 | 0.005 { 0.011 | 0.005 | -0.007

8. 0.001 | 0.001 | 0.002 | 0.006 | 0.004 | -0.009

11. 0.001 | 0.001 | 0.002 | 0.008 | 0.003 | -0.009

14. 0.002 | 0.001 | 0.002 | 0.01 | 0.003 | -0.012

17. 0.001 | 0.000 | 0.002 | 0.013 | 0.002 | 0.008

21. 0.000 | -0.001 | -0.002 | 0.022 | 0.001 | 0.008

Mean Difference | 0.000 | 0.001 | 0.001 | 0.011 | 0.004 | -0.009

Table 7.4: The magnitude difference between the aperture-corrected magnitude and
the true magnitude of the star in channel two (i.e. the true magnitude is subtracted
from the measured magnitude).

Aper Size Star 1 | Star 2 | Star 3 | Stard | Star 5 | Star 6

3. -0.004 | -0.01 | 0.01 |-0.008 ] -0.004 | -0.013

5. -0.011 | -0.007 | 0.00 | -0.002 | -0.0605 | -0.008

8. -0.012 | -0.005{ 0.00 |-0.006 | -0.004 | -0.006

11. -0.009 | -0.003 | 0.00 |-0.006 | -0.002 | -0.004

14. -0.01 | -0.005 | 0.001 | -0.007 | -0.002 | -0.005

17. -0.014 | -0.009 | 0.001 | -0.010 | -0.002 | -0.009

21. -0.016 | -0.017 | 0.00 |-0.013 | -0.004 | -0.01

Mean Difference | -0.011 | -0.008 | 0.000 | -0.007 | -0.003 | -0.008

Table 7.5: The magnitude difference between the aperture-corrected magnitude and
the true magnitude of the star in channel three (i.e. the true magnitude is subtracted
from the measured magnitude).

The best fit magnitudes of the stars are calculated relative to the brightest star used
in this investigation. The profile fitting magnitudes were subtracted from the aperture
magnitudes to investigate the deviation of the aperture magnitudes from the profile
fitting magnitudes. Tables 7.6 and 7.7 contain the difference between the profile
fitting magnitudes and the aperture magnitudes of the selected stars. The negative
values in Tables 7.6 and 7.7 tell us that the aperture magnitudes are brighter than
the profile fitting magnitudes. Positive values show that the aperture magnitudes
are fainter than the profile fitting magnitudes. Differences can occur because there
are some defects in modeling the PSF caused by the centering. The magnitude
differences are plotted against the aperture sizes (see Figure 7.5) to investigate the
distribution of the deviations. Figure 7.6 shows the difference in the averaged aperture
magnitude and the psf-fitted magnitude. Compared to Figure 7.4, the difference at
fainter magnitudes deviates far less significantly.
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These plots show the deviation of the aperture magnitude from the profile

fitting magnitude in channels two and three respectively.

Figure 7.5



Aper Size Star 1 | Star 2 | Star 3 | Star4 | Star 5 | Star 6

3. 0.003 | 0.000 |-0.007 | 0.000 | 0.005 | -0.003

5. 0.002 | 0.001 | 0.001 | 0.002 | 0.002 | -0.000

8. 0.001 | 0.001 |-0.002{-0.003 | 0.001 {-0.002

11 0.001 | 0.001 |-0.002|-0.001| 0.000 | -0.002

14. 0.002 | 0.001 |-0.002 | 0.001 | 0.000 | -0.005

17. 0.001 | 0.000 |-0.002 | 0.004 | -0.001 | -0.002

21. 0.000 | -0.001 | -0.006 | 0.013 | -0.002 | -0.001

Mean Difference | 0.001 | 0.000 | -0.003 | 0.002 | 0.001 | -0.002
Profile mags | -10.189 | -11.482 | -8.033 | -6.5 | -8.849 | -7.376

Table 7.6: This table shows the values of the difference between the aperture magni-
tudes and the profile fitting magnitudes of the stars in channel two (i.e. the profile
magnitude is subtracted from the measured magnitude).

Aper Size Star 1 | Star 2 | Star 3 | Star4 | Star 5 | Star 6

3. 0.006 | -0.002 | 0.001 |-0.004 | 0.002 | -0.008

5. -0.001 | 0.001 | 0.000 | 0.002 | 0.000 | -0.003

8. -0.002 | 0.003 | 0.000 | -0.002 | 0.001 | -0.001

11. -0.001 | 0.005 | 0.000 | -0.002 | 0.003 | 0.001

14. 0.000 | 0.003 | 0.001 | -0.003 | 0.003 | 0.000

17. -0.004 | -0.001 | 0.001 | -0.006 | 0.003 | -0.004

21. -0.006 | -0.009 | 0.000 | -0.009 | 0.001 | -0.005

Mean Difference | -0.001 | 0.000 | 0.000 | -0.003 | 0.002 | -0.003
Profile mags | -6.915 | -6.836 | -9.739 | -8.458 | -8.651 | -7.161

Table 7.7: This table shows the values of the difference between the aperture magni-
tudes and the profile fitting magnitudes of the stars in channel three (i.e. the profile
magnitude is subtracted from the measured magnitude).
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Figure 7.8: The difference of the averaged-aperture magnitude and the ’psf-fitted’
magnitude as a function of brightness of the star. A much better agreement is found
over all brightnesses compared to Figure 7.4.

7.2.3 Comparing the Profile Fitting and the True magnitude

Tables 7.8 and 7.9 show the differences between the true and the profile fitting mag-
nitudes of the stars in the channels 2 and 3 respectively. Negative differences show
that the profile magnitudes are brighter than true magnitudes and positive differences
show that profile fitting magnitudes are fainter than the true magnitudes. This is as
a result of imperfect computation of the PSF model.
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Star 1 | Star 2 | Star 3 | Stard | Star 5 | Star 6
Profile mags | -10.189 | -11.482 | -8.033 | -6.5 | -8.849 | -7.376
True mags -10.189 | -11.482 | -8.037 | -6.509 | -8.852 | -7.369
Difference mag | 0.00 0.0 0.004 | 0.009  0.003 | -0.007

Table 7.8: The difference between the profile and the true magnitudes of the stars in
channel two.

Star 1 | Star 2 | Star 3 | Stard | Star 5| Star 6
Profile mags | -6.915 | -6.836 | -9.739 | -8.458 | -8.651 | -7.161
True mags -6.905 | -6.828 | -9.739 | -8.454 | -8.646 | -7.156
Difference mag | -0.01 1-0.008 | 0.0 |-0.004|-0.005|-0.011

Table 7.9: The difference between the profile and the true magnitudes of the stars in
channel three.

7.2.4 The Error Associated with Magnitude Measurement

For a given star brightness, the uncertainty associated with the magnitude mea-
surement within an aperture can be calculated from the signal-to-noise (S/N). The
magnitude uncertainty is

Am % 25log (—-—-—

S

) (7.2)
~ 2.5(0.43429) In ( sN>
)

" 2.5(0.43429)(

A
L

S
~ 1.0857 (N

1.0857\/(S/G) + No} + (N20%/Na)

U Mag.error = S 3 (73)
where the factor 1.0857 is given by (2.5/1n(10)); S is the total flux (in electrons)
from the star within the chosen aperture of size N. G is the CCD gain (in electrons
per ADU) and op is the standard deviation of the sky background measurement
within the sky annulus N4 (see Equation 5.5). The approximation from second step
to the third step of Equation 7.2 can only be done under high signal-to-noise (S/N)
consideration. The third step is obtained using natural logarithm series (In(1 +z) =
& — 22?4+ 123, with £ <« 1, in our case z = N/S ). From Equation 7.3, it can be seen
that as the aperture size increases the value of the magnitude error increase for faint
stars.
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Tables 7.10 and 7.11 show the magnitude errors in the aperture magnitudes of
stars in channels two and three respectively. All the magnitude errors are calculated
relative to the brightest star in each channel (see propagation of uncertainty in Taylor
1997). The magnitude errors of both stars 4 and 6 in Table 7.10 are larger than those
of stars 1, 3 and 5, because stars 4 and 6 are fainter than the other stars. Looking
at the magnitude errors in Tables 7.10 and 7.11, they are larger for some of the
smaller apertures and get smaller for bigger apertures, since there is more intensity
in smaller apertures. For some fainter stars, at bigger apertures the magnitude errors
become the same as that of the smaller apertures. This is because the sky intensity
is comparable to the intensity of the star.

Aper Size | Star 1 | Star 2 | Star 3 | Stard | Star 5 | Star 6
3. 0.003 0.0 0.007 | 0.014 | 0.005 | 0.010
5. 0.003 0.0 0.006 | 0.012 | 0.004 | 0.008
8. 0.003 0.0 0.006 | 0.012 | 0.004 | 0.008
11. 0.003 0.0 0.006 | 0.013 | 0.004 | 0.008
14. 0.003 0.0 0.006 | 0.015 | 0.004 | 0.009
17. 0.003 0.0 0.006 | 0.017 | 0.004 | 0.009
21. 0.003 0.0 0.006 | 0.021 | 0.005 | 0.010

Table 7.10: This table shows the values of the magnitude errors of the stars in channel
two. All the errors are calculated relative to the bright star.

Aper Size | Star 1 | Star 2 | Star 3 | Star4 | Star 5 | Star 6
3. 0.009 | 0.011 0.0 0.011 | 0.011 | 0.011
5. 0.007 | 0.009 0.0 0.009 | 0.009 | 0.009
8. 0.007 | 0.008 0.0 0.009 | 0.009 | 0.008
11. 0.007 | 0.009 0.0 0.009 | 0.009 | 0.008
14. 0.007 | 0.009 0.0 0.008 ; 0.008 | 0.009
17. 0.007 | 0.009 0.0 0.010 | 0.009 | 0.009
21. 0.008 | 0.010 0.0 0.010 | 0.010 | 0.009

Table 7.11: This table shows the values of the magnitude errors of the stars in channel
three. All the errors are calculated relative to the bright star.
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7.3 Conclusion

For faint stars larger apertures do not give good results because of a large sky con-
tribution, thus making the errors large (see Figure 7.4 and 7.6). When using bigger
apertures, the statistical fluctuations are higher and the signal-to-noise is small. Small
photometric errors are obtained using small apertures, whereas large apertures can
have large photometric errors when the total number of stellar photons in the aperture
becomes comparable with the total number of background photons in the aperture.

Small apertures are dominated by errors from the Poisson statistics. Since a
small signal is measured, the other sources of noise in the S/N equation carry less
weight. The contribution from the star can be increased (decreased) by underestimat-
ing (overestimating) the sky background. A measurement error for the background
intensity as small as just 1 electron per pixel can by itself produce large photometric
uncertainties at large aperture radii. The background sky is normally larger than the
star intensity in the aperture for faint stars.

It is clear that profile fitting gives better results than aperture photometry for
faint stars (see Figure 7.6, and Tables 7.6 and 7.7). The difference between the true
and the profile fitting magnitudes are smaller than that of the true and aperture
photometry magnitudes. This can be seen in the magnitude difference of stars 4 and
6 in Tables 7.4 and 7.6 and stars 1 and 2 in Tables 7.5 and 7.7. Profile fitting has the
ability to minimise the noise by weighting the fitting. It is more sensitive to varying
PSF and pixel-centering, than aperture photometry. When dealing with faint stars it
is best to use profile fitting for accurate photometry (Suchkov and Casertano 1997).

Aperture photometry gives good results for bright stars, as can be clearly seen in
Figures 7.3 and 7.5 (stars 1 and 5 in channel 2). These plots shows that for smaller
apertures we get a higher intensity than for large apertures. Some of the results
presented in Tables 7.10 and 7.11 agree with the theoretical expectation given by
Equation 7.3, however for an aperture size of 3 pixel, the errors are larger than in an
aperture size of 5 pixel. This expectation is that for a given brightness, the magnitude
error is larger for smaller aperture and vice versa.

In summary, aperture photometry gives good results for bright stars and well ex-
posed images, while profile fitting is the best when undertaking accurate photometry
of faint stars.
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Conclusions and Recommendations

In this project, the aim was to study and understand the use of CCDs in astronomy.
I used the SALTICAM imaging camera on SALT for this purpose. I first summarized
the theory behind the practical use of CCDs, then applied this knowledge to resolve
a particular problem experienced with SALTICAM. This problem was the observa-
tion that the bias levels were unstable and drifted during the night. In a series of
experiments performed at the SAAQO in Sutherland, I found that the drift in the bias
level was strongly correlated with the temperature of the SDSU controller, housing
the electronics. This relationship was found to be linear in most of the data, and
cubic in one instance. With this information, the solution to the problem became
apparent; the SDSU temperature needs to be tightly controlled to stabilize the bias
level.

Since SALTICAM will be used to obtain accurate photometry of stellar fields, it
is necessary to have a good understanding of how photometric information can be
extracted from a CCD image. To this effect, I investigated the theory of aperture
photometry. I performed a series of simulations where an image was created with
artificial stars of known brightnesses. Extraction of aperture magnitudes of these stars
using different aperture sizes confirmed that the simulations did indeed correspond
to the theoretical predictions. This information led to a better understanding of the
possible problems that might confront the extraction of photometric information from
real SALTICAM data.

The effect of aperture size in photometry was investigated using artificial stellar
frames. The experiments perfomed confirmed the theoretical expectations that best
magnitude measurements are obtained using small apertures, whereas bigger aper-
tures have higher statistical fluctuations reducing the signal-to-noise ratio. Bigger
apertures do not work effectively for faint stars, since most of the contributions will
be from the background sky. Hence increasing the aperture size reduces the signal-
to-noise ratio, since the statistical fluctuations increase. The other important factor
to consider during aperture photometry is the background sky determination. If the
background sky is overestimated or underestimated the noise level will increase or
decrease affecting the measure of the magnitude. The choice of aperture size in pho-
tometry is very important, since additional contributions from the neighbouring stars
has to be avoided. The profile fitting technique has the ability to reduce noise and
to deal with fainter stars than aperture photometry.
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The work in this thesis therefore leads to a recommendation that the SDSU tem-
perature needs to be tightly controlled to stabilize the bias level. It is also recom-
mended that aperture photometry be perfomed with small aperture size of about
~ 1.5 times the FMHW. For faint stars profile fitting technique is recommended
for performing photometry whereas for bright stars aperture photometry is recom-
mended.
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Appendix A

Calculating the Readout Noise and
the Gain of SALTICAM

Two consecutive bias frames were subtracted from each other to check for the spatial
variations in the bias level due to the imperfection in the external electronics. The
expectation would be that the two bias frames would experience the same variations,
which would cancel when one frame was subtracted from the other. The standard
deviation, o, of the difference frame was obtained using the PIP software. To get the
readout noise one divides the standard deviation by /2 (that is if 04 = o). The
equation of the readout noise is given by Equation 2.8 in page 13. The readout noise
must be given in electrons, we can only measure it in ADU.

X1|Y1 | X2|Y2 | Mean | Standard Deviation
10 | 8 110§ 108 0.01 3.56
194 | 156 | 264 | 256 | 0.01 3.57
380 | 386 | 480 1 486 | 0.03 3.57

Table A.1: The values of the coordinates of the points where we measured the mean
and the standard deviation on the difference image.

The average of the standard deviation = 3.56, and
the readout noise in ADU is

;356
V2
= 2.52 ADU

To be able to express the readout noise in electrons we need to calculate the gain of
the CCD, )\ (defined in Equation 2.7 in page 9) given in electrons/ADU. We have to
measure variance o> as a function of the mean counts N. Several flat field frames
were obtained with two at each signal level. Two frames obtained at the same signal
level were subtracted from each other. The standard deviation at three different
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Figure A.1: The mean bias level is plotted against the variance. A first order poly-
nomial is fitted to the data to obtain the slope of the curve.

points on each difference frame were measured. We calculated the average of the
standard deviation and squared the average of the standard deviation of each image
and divided by 2; by squaring the standard deviation we get the variance. We used
the same coordinates as above, which led to the following output:

N (mean counts) | Variance
6000.3 | 3045.9
11999.59 | 6070.92
18000.92 | 8949.88
23999.86 | 11981.52
30001.98 | 14850.54
35999.18 | 17703.97
41998.65 | 21035.06
47999.55 | 24123.06
53999.97 | 26981.65
59098.14 | 29794.85

Table A.2: The values of the measured mean counts and the variance at those points
on the difference image.
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Coeflicients | Values of Coeff. | Standard error
ag 20.14 92.1
a1 0.498 0.0025

Table A.3: The values of the coefficient of the polynomial fitted to the data plotted
above in Figure A.1.

The equation of first order polynomial is y = ag + a;x, where ag is the x-intercept
and a; is the slope of the curve. The values of the coefficients tabulated in table A.3
were obtained using the least-squared method (explained in Appendix B). Since,
Equation 2.7 is the equation of a straight line, the slope will be the inverse of the
gain, A given by )

slope = X
substituting the value of the slope (a;) one gets

A = (0.498)"! = 2.008

we can expressed the readout noise in electrons,

Or, = ,\O’Radu
= (2.008)(2.52)

= 5.06 electrons
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Appendix B
The Least Squares Method

Least squares is a mathematical way of finding the best-fit curve to a set of data
points {Bevington and Robinson 1992). This is done by minimizing the sum of the
squares of the offsets of the points from the curve. The outlying points can have
small effect on the fit. This fitting technique can be generalized from a best-fit line
to a polynomial. Least squares proceeds by fitting the sum of the squares of the
deviations R? of n set of data points. We have the equation of the

v = f(2) + &,

where ¢ is the uncertainty associated with the measurement of y. Then
& =y — fzi),

and .

RP=¢l = Z[yi ~ flz)?.

gm=]
We have to minimize the sum of the squares of the deviations to get the best fit line.
The condition of R? to be minimum is that

(R? =0
for a linear fit
f(iE,,) == g + b(L'i,
we have

el = i;[yi — (a+ b))

We differentiate with respect to the constant(a and b) to get

n

=23 [y — (a+bz;)] =0

i=1
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and
-22 — (a + bx;)]z; = 0.

fu=l

then we have two equations with two unknowns (the constants a and b). We get
n n
na+b z T = z Yi
i=1 i=1
and

n k3 k23
azxi + bzyi = Zyil‘i,
i=1 i=1 i=1

and we can use the “matrix” to solve the two equations for the two unknowns. let

n

2=

izl

no oy al_ | X
o Ta? || b | Dy

a | noo T - Y
b | Zx Tat 2 Ui
then the 2 X 2 matrix inverse is given by
n Y] _ 1 T} -T
Ynx; Yl Ay -Cx)? | X n

then after we have done some matrix algebra we get

a | __ 1 Z:v?Zy—ExiEsciyi
b _nsz—(zd’?i)z N Tl — 2LTi oy
our constants will be given by the following
233 Zy PIE DI AT
nyzf — (Tz)?
but we know that 7 = X "y, same for  then
y(Ex ) =X Ty
S x? — n(z?)
_ LTy — D Tidy
nyzi - (L z:)?
_ 2Tl —TF
Tai—n(@)’
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we can rewrite them in a simpler form by defining the sums of the squares to be

Spe =Y (m —7P = (D_a}) — nz.

We will use the same notation for S,

= (z: — %)y — ) = O_ miys) — nTY.

These can be written as

2 Sa::::
[
n
2 SW
0‘ i
Voon
e 2 _SMI
CO'U(.’L‘,y)—O'xy— n ’

where cov(z, y) is the covariance.Then

and we can give a in terms of b
7 — bE.

When it comes to fitting a polynomial to the data points
Ui =ao+a1:cg+a2:cf+...

we will have more than two constants to solve depending on the degree of our poly-
nomial. Even the size of the matrix will change. The quality of the least squares fit
is given by the correlation coefficient. That is defined by
’f'2 — Sgy .
SeaSyy
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Appendix C

Examples of Coordinates
Transformation

The SALTICAM camera has a mosaic of two 2kx4k CCD chips to make 4kx4k,
each CCD has two amplifiers that readout 1kx4k. The controller system can flip the
readout order, or bin the pixels during the readout process and even select the region
of interest. So in our first case we decided to bin using the 4 X 4 binning mode and
flip the readout order, then get the coordinates. For the second case we decided to
bin using the 4 x 4, flip the readout order and then choose the region of interest.

Case A

We choose amplifier A as the origin, the arrows shows the readout direction. All the
coordinates y-axis does not change when we transform, the coordinate on the x-axis
are the ones changing. We flip the readout order, and then we bin using the 4 x 4
binning mode.

Amplifier
A B c D
As = Cx As = 2048 - Cx As = Cx As = 2048 - Cx
Ap = Cy Ap = Cx Ap = Cy Ap = Cy
I1 = Cx/4 I1 = Cx/4 - 218.125 I1 = Cx/4 I1 = Cx/4 - 218.125
Ic = Cy/4 Ic = Cy/4 Ic = Cy/4 Ic = Cy/4
Dx = Cx Dx = Cx Dx = Cx + 2148 Dx = Cx + 2148
Dy = Cy Dy = Cy Dy = Cy Dy = Cy
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Figure C.1: Mosiac of 4kx4k with two 2kx4k CCDs, with each CCD having two
amplifiers.

AMPLIFIER A B C D

CCDSEC [1:1074,1:4102] [1075:2148,1:4102]1 [1:1074,1:4102] [1075:2148,1:4102]
AMPSEC [1:1074,1:4102][1074:1,1:4102]1(1:1074,1:4102] [1074:1,1:4102]

DATASEC [1:269,1:1026][51:319,1:1026][1:269,1:1026] [61:319,1:1026]

DETSEC [1:1074,1:4102][1075:2148,1:4102] [2149:3222,1:4102] [3223:4296,1:4102]

NSUM 4 4 4 4 44 4 4
LTMi. 1 0.25 0.28 0.25 0.25
LTM2.2  0.25 0.25 0.25 0.25
LTV1 0.375 -218.125 0.378 -218.125
LTV2 0.378 0.375 6.375 0.375
AtMilt 1 -1 1 -1
ATM2.2 1 1 i i
ATVH 0 2148 0 2148
ATV2 0 0 0 0
DIMi 1 1 1 1 i
bprM2.2 1 1 i 1
DTV1 0 0 2148 2148
DTV2 4 0 0 0
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Case B

We created a region of interest (ROI) with the binning of 4 x 4. The controller flips
the readout order. The region of interest is given by 500 to 3800 by 1000 to 3000.
There are 50 pixels of the overscan which are on the right of amplifiers B and D and
on the left of amplifiers A and C . Amplifier A is still the origin and the arrows show
the readout direction.

Amplifier

A B c D
As = Cx As = 2049 ~ Cx As = Cx As = 2049 ~ Cx
Ap = Cy Ap = Cx Ap = Cy Ap = Cy

Cx/4 I1 = Cx/4 - 218.125
Cy/4-249.375 Ic = Cy/4-249.375

I1 = Cx/4 - 124.375 I1 = Cx/4 - 218.1256 11
Ic = Cy/4-249.3756 Ic = Cy/4-249.375 Ic

i
if
]

Dx = Cx Dx = Cx Dx = Cx + 2148 Dx = Cx + 2148
Dy = Cy Dy = Cy Dy = Cy Dy = Cy
: 1
: i
i :
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Figure C.2: A region of interest (ROI) is specified in the CCD.
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AMPLIFIER i 2 3 4

CCDSEC  [500:1074,1000:3000] [1075:2148,1000:3000] [1:1074,1000:3000] [1075: 1652,
1000: 3000]

AMPSEC [500:1074,1000:3000] [1074:1,1000:3000] [1:1074,1000:3000] [1074:496,
1000:3000]

DATASEC [1:144,1:500][51:319,1:500] [1:269,1:500] [51:195,1:500]
DETSEC [500:1074,1000:3000] [1075:2148,1000:3000] [2149:3222,1000:3000] [3223:
4296,1000:3000]

NSUM 4 4 4 4 4 4 4 4
LTM1.1  0.25 0.25 0.25 0.25
LTMz 2  0.28 0.25 0.25 0.25
LTvi ~124.375 -218.125 0.375 -218.125
LTV2 ~249.375 -249.375 ~249.375 -249.375
ATM1I 1 1 : -1 1 -1
ATMZ2 2 1 1 i i

ATVi 0 2148 0 2148
ATV2 0 0 0 o
DTM1i.1 1 i i i
DrM2_2 1 i 1 1

DIVL o 0 2148 2148
DTvV2 0 0 0 0
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Appendix D

Example of FITS Primary and
Extension Data Header

Primary data header

-------------------------------------------------------------------

SIMPLE = T / file does conform to FITS standard
BITPIX = 16 / number of bits per data pixel
NAXIS = 2 / number of data axes

NAXISt 4296 / length of data axis 1

NAXIS2 = 4102 / length of data axis 2

EXTEND T / FITS dataset may contain extensions

COMMENT FITS (Flexible Image Transport System) format is defined in ’Astronomy
COMMENT and Astrophysics’, volume 376, page 359; bibcode: 2001A%A...376...35%H

UBJECT = ’BIAS ’ / Object name

RA = 200:00:00.00° / RA of object

DEC = 100:00:00.00° / Dec of object

OBJEPUOCH = 2000. / Epoch of object RA, Dec
EQUINOX = 2000. / Equinox telescope pointing
DATE~QBS = ’2004-08-25’ / Date of observation
UTC-0BS = ’06:11:19° / UTC start of observation
TIME-QOBS = ’06:11:19° / UTC start of observation
EXPTIME = 1093414280.41454 / Exposure time

DETSIZE = *{1:4296,1:4102]° / Detector size

BSCALE = 0.178937728937729 / Val=BSCALE#pix+BZERQ

BZERD = 5862. / Val=BSCALE*pix+BZERD
FILTER =’V ! / Filter name

FILPOS = 1 / Filter position

NCCDS = 2 / Number of CCDs in detector
cCosiM = 1 1 ! / On chip summation

GAIN = 1.36 / Nominal CCD gain

ROSPEED = ’SLOW ’ / CCD readout speed
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TELNORTH = 0. / Direction of North

PROPMOT 0. / Proper motion (arsec/yr)
POSANG = 0. / Position angle (degrees)
TELRA = 109:09:09.99’ / RA of telescope

TELDEC = '-09:08:09.989° / Dec of telescope

TELEPOCH = 2000. / Equinox of telescope RA, Dec
HA = 109:09:09.99’ / HA of telescope

TELALT = 39. / Altitude of telescope

TELAZ = 9. / Azimuth of telescope

CCDTEM = 149.389439105228 / CCD temperature (K)

DEWTEM = 7.54029999899999 / Cold box temperature (C)
AMPTEM = 26.8 / SDSU controller temperature (C)
CENTEM = 102.841561423651 / Cold end temperature (C)
DEWPRE = 6.05708757093697E~10 / Dewar pressure

END

Image extension header

...........................................................

XTENSION = IMAGE ° / IMAGE extension

BITPIX = 16 / number of bits per pixel
NAXIS = 2 / number of data axes
NAXIS1T = 4296 / lenght of data pixel 1
NAXIS2 = 4102 / lenght of data pixel 2
PCOUNTS = 0 / parameter per group
GCOUNTS = 1 / number of group

END
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Appendix E

MatLab code for binning data

The objective was to write a code that could bin the data of the bias and tempera-
ture. The same code was modified and used to bin time.

function bin

load bistats2l_fast.mat % matrix called "bistats21i®
load temp._fast.mat % matrix called “data"

time = bistats2i_fast(:,1);
time_temp = temp_fast(:,1);

C = bistats2l_fast(:,2);
time_bias = bistats2i_fast(:,7);

T = temp_fast(:,5); ' temperatures in celcius
time_temp_bin = temp.fast(:,7);

t0 = 24.45;
t02 = 24.45; J, bin min for temp
delt = 0.25;

nbin = zeros{i, 100);

% bias mean calculation

for i=1:length(C)
j=floor((time(i)-t0)./delt)+1;
nbin(j)=nbin(j)+1;
Count{(j,nbin(j))=C(i);

end

for i=1:length(time_bias)
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j=floor((time(i)-t0)./delt)+1;

nbin(j)=nbin(j)+1;

t_b(j,nbin(j))=time_bias(i);
end

Count ;
t_b;
nbin
3=j

for k=1:j

den = nbin(k)

Cmean (k)= sum(Count(k,:))/den
end

for k=1:j

den = nbin(k)

t_bmean(k)= sum(t_b(k,:))/den
end

x=1:3;

cm = 2*%Cmean

tbm = 2%t_bmean
Countsdata=[tbm’,cm’]
%plot(tbm,cm,’.’)

% temp mean calculation

nbin = zeros(i,100);

for i=1:length(T)
j = floor((time_temp(i)-t02)./delt)+1;
nbin(j)=nbin(j)+1;
Tbin(j,nbin(j))=T(i);

end

for i=1:length(time_temp_bin)
j = floor{((time_temp(i)-t02)./delt)+1;
nbin(j)=nbin(j)+1;
ttb(j,nbin(j))=time_temp_bin(i);

end

for k=1:j
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den = nbin(k);
Tmean (k)= sum{Tbhin(k, :))/den;
end

for k=1:j

den = nbin(k);

ttbmean (k)= sum(ttb(k,:))/den;
end

Tmean2 = Tmean(1:j)
ttbmean2 = ttbmean(1i:j)
x=1:3;

tmean = 2%Tmean

ttbin = 2%ttbmean
Tempdata=[ttbin’,tmean’]
plot{ttbin,tmean,’.’)
Yplot{tmean,Cmean,’.’)

%TB = [Tmean2’,Cmean’]

105



Appendix F

FORTRAN Code for calculating
magnitude differences

Objective:

The objective was to write a code that could calculate the magnitude of the known
intensities, relative magnitudes and magnitude differences between the known and
aperture magnitudes.

Code:

integer i, j, k, 1, n

parameter (k=7)

real m32(k),md2(k),m52(k),m62(k) ,m72(k),s(k), ,deltal2(k),
delta32(k) ,deltad2(k),deltab2(k),deltad2(k),delta?2(k),
diffi12(k) ,diff32(k),diff42(k),diffb2(k),diff62(k),
diff72(k) ,m12(k),s1(k),s2(k),s3(k),s4(k), s5(k),s6(k),
s7(k),s8(k) ,mstarl(k) ,mbright2(k) ,mstar3(k) ,mstar4(k),
mstar5{k) ,mstars (k)

& g0 29 8¢ &

parameter {(a=-0.263)

open (unit=1, FILE="intensities.dat", STATUS="UNKNOWN")
read(1,*)

open (unit=2, FILE="mbright.dat", STATUS="UNKNOWN")
write(2,*)

do i=1.,k
read(l,*)s1(i),s2(i),s3(1),84(i),sB(i),s6(i),s7(i),s8(i)
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mstari(i)= -2.5 * logl0(s2(i))
mbright2(i)= -2.5 * logl0(s3(i))
mstar3(i)= -2.5 * loglO(s4(i))
mstard4(i)= -2.5 * logl0(s5(i))
mstar5(i)= -2.5 * logl0(s6(i))

*

mstar6(i)= -2.5 * logl0(s7(i))
c mstar7(i)= -2.5 * loglO(s8(i))
C

write(2,*) si(i),mstari(i),mbright2(i),mstar3(i),

& mstar4(i) ,mstarb5(i) ,mstar6(i)

c

enddo
C

close(l)
c

close(2)
c
st o e s e oo o o ok ke o oo ok o o o oo o R o o oo o s o ok o oo o ok o o o o o o s g R ok o s s s o o e oo s s o e fok oo oo ok
* Opening a file called ratio.dat. This file contains measured *
* intensities of stars 1 to 9. This intensities are measured *
* using IRAF/DAOPHOT. *

s s s s s o e ok s o o o o o o ok ok ok ks s ok ok ok s s o ok ok ko s ok ok sk o ok o ook e ek oo o o ook oo ok ol o ok ke ok o o
c

open (unit=1, file="intensities.dat®, status="unknown")
c read(l,*)

¢
s e e e o ke e oo ke e s o sl e s o sl sk o o s sk e s el o ok s s ok s st o e sl ok sk sl s s e s e o e o
* Creating a file that will write the output data(ratios) into *
e e e sk s e s oo s ok o o s e ol oo o o s o s el stk s sk ol s o sl s il ok R sk R Rl ek ook e o o
c

open (unit=3, file="ratios.dat", status="unknown")

write(3,x*)

write(3,"(6%X,A)") ’'The ratios of the stars from 1 - &’

write(3,"(6X,4A)") ° 3
c rewind(unit=1)
s e ok s e o e s o e s oo e oo o o o o s oo oo o e s ko o s R ook s s ko sl o s ol ok s o sl o ok ook s o ok
* Read the file containing the intensities of the stars. *

s afe o o sk s e s s s sfe e o e o s s ok s o o oo e ofe e e sk sfe s e ke ok o sfe s o s s ik ok sfe e sfe e o ke sl o e s sfe s afe o e e s e s sfe o e e sfeske o sfe e sk ok ook

C
do j=1,k
read(1,*) s1(j),s2(j),s3(j),s4(j),s5(3),s6(3),s7(j),s8(j)
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<
sk ke ook s s sk s e s b e s ofe e sk e s o ok se s ofe s s s s o ok o s ok ko o o o sl ke s ot oo ok e o ol sk o R ok s e s s R ofe s sl o o o ko oK e oK

* Then we have to calculate the log of the ratio’s of the *
* intensities of each star with star 9. By the way star 9 is *
* the brightest star in the field. *

S s e ke 3k s 2 afe ¢ 3 3k e e 3¢ o o s e e e fe sfe e sfe s e e o e e s eofe sfe s sfe e ofe o fe s e ok e e e afe s e 3Kk 3k 3 sfe s ae afe s e o ok ok ok o ofe e o ok sk e ek e sk sfe
[

deltai2(j)= -2.5 * logl0(s2(j)/s3(j))
c delta22(j)= -2.5 = logl0(s3(j)/s3(j))

delta32(j)= -2.5 * logl0(s4(j)/s3(j))

deltad2(j)= -2.5 * logl0(s5(j)/s3(j))

delta52(j)= -2.5 * logl0(s6(j)/s3(j))

delta62(j)= -2.5 * loglO(s7(j)/s3(j))

c delta72(j)= -2.5 * logi0(s8(j)/s3(3))
<
st e e ok e 4o o e e ¢ o o o e e e o o fe e e ol sl S ok ofs 93k ko s s o el sk e e s s o s ok o s o e e e s s o o e ke ke ke sk o ok ke o sk o oK o o ok sk ok
* Printing the calculated ratio’s and the value of the aperture *
* size into a file in UNIT=4. *
e g s e e e e s o e 3k g o fe o e e o o s e 3k sfe sk e o e s e s S sk s e s o e sfe ke ok sk o e afe s ofe e v o ik ok ok o e e s e o ok sk o i o ok o e ofe sk ok Sk ol ok
¢

write(3,*) s1(j),deltal2(j),delta32(j),deltad2(j},

& deltab2(j),delta62(j)

c

enddo
<

close(3)
<
¢
e s 3 ke s e e s o ofe e sfe e sl s e s e s s e s sfe e s o e ol o o e s o ofe e ofe s e e e s ol e e e o e s o e o e e s s e sfe o s e s e ol s e e o e s o e ok ook ok
* Opening a file containing the intensities of star { - 8 and *
* the other file comtaining the magnitude of star 9. *

e s e e e she she ofe s e sfe sl ol s ofe s o s e she sl ool sk sfe ok e sk o ok ok ok o ok o e o ok o o Sl o ok ok e ok ook sl e e e sl ol ol sfe o e sk sl sl ok o e sk ok e ok
C
open (unit=3, file="ratios.dat", status="unknown")

read(3,x)
read(3, %)
read(3,*)
c
open (unit=2, file="mbright.dat", status="unknown")
read (2, =)
c

open (unit=4, file="relativemag.dat", status="unknown")
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write(4,*)
write(4,"(6X,A)") ’The magnitudes of the stars relative to star9’
write (4, " (6X,A)") 7 +ttttbdbttdttdbttdbtbbt bttt bbbt bbb b )

c
s s e oo s e oo o ol sl o s sl ol o o s o o s o o e el o e sl o s e s e ke s oo e e ek e s e o ok ek o o ook o
* Calculating the relative magnitudes of the stars relative to *
* the brightest star, starS. *
e et sl sl ok o o o ot ol o s o sl e o sk ool ok ol e e s b e o ok o e o o e o o o ke e o e sl s ke ke ok ke o
c
do 1=1.k
read(3,*) s(1),deltal2(l),delta32(l),deltad2(l),
& delta52(1),delta62(1)
read(2,*) s1(1),mstar1(l) ,mbright2(l),mstar3(1),
& mstard(l) ,mstar5(1l) ,mstar6(l)
c

mi2(1)= mbright2(1) + deltal2(l)
¢ m22(1)= mbright9(1) + delta29(1)
m32(1)= mbright2(l) + delta32(l)
m42(1)= mbright2(1) + deltad2(l)
m52(1)= mbright2(1l) + deltab52(1)
m62(1)= mbright2(1) + delta62(1)

c
write(4,*) s(1),m12(1),m32(1),m42(1) ,m52(1) ,m62(1)
c
enddo
c
close(2)
c
close(3)
c
close(4)

s oo s fe e o e o e s st el ool ke ot ek ok o sl s ol ol sl sl ool ok skl s s o sl ol o kol ool o
Calculating the magnitude difference (between the brightest star
and the other stars), the output should be the same as the
output in the file called "ratios.dat". This makes the output

in the file called "relativemag.dat" to be the same as the
output in the mbright to be the same.

b e o e e e o o s ok oo o ok s s e e e e ok s s oo o ke e e s e sl o e e s o e ok ol o sl e e sk s ok o ke ke o o e s ok ke o

* ¥ ¥ ¥ ¥
¥ ¥ ¥ ¥ *

¢
open (unit=4, file="relativemag.dat", status="unknown")
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read(4,*)
read(4,*)
read(4, %)

open (unit=2, file="mbright.dat", status="unknown")

open (unit=5, file=*differences.dat”, status="unknown")
write(5,%)

write(5,"(6X,A)") *The difference of star 9 and the other stars’
write(5,"(6X,A)") Thtttbibbbbbbbbb bbb bbb b bbb b bbb bbb bbb ?

do n=1,k
read(2,*)s1(i),mstari(n) ,mbright2(n) ,mstar3(n),
mstard4(n) ,mstar5(n),mstaré(n)

read(4,*)s(n),ni2(n) ,n32(n) ,m42(n) ,m52(n),
w62 (n)

diff12(n) = -mbright2(n) + mi2(n)
diff29(n) = -mbright9(n) + m29(n)

diff32(n) = -mbright2{(n) + m32(n)
diff42(n) = -mbright2(n) + m42(n)
dif£f52(n) = -mbright2(n) + m52(n)
diff62(n) = -mbright2(n) + m62(n)

write(5,*) s(n), diffi2(n),diff32(n),diff42(n),diff52(n),
diff62(n)

enddo

close(2)
close(4)
close(5)

end
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