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Abstract

Wide-field photometry is prone to various degradations, such as atmospheric ex-
tinction, varying point spread functions, and aliasing in addition to classical noise
sources such as photon, sky background, readout, and thermal noise. While space-
borne observations do not suffer from atmospheric effects, varying star images over
a large sensor and aliasing may seriously impede good results. A measure of the
achievable precision of ground-based differential photometry with the prototype
photometer for the BRITE satellite mission is reported, using real sky observa-
tions. The data were obtained with the photometer attached to a paramount
tracking platform, using the Image Reduction and Analysis Facility Software
(IRAF) image reduction and analysis methods as well as the author’s own Matlab
Code. Special emphasis is placed on the analysis of varying apertures for vary-
ing point spread functions, which shows that the accuracy can be improved by
taking into account the statistics for each star instead of using a fixed aperture.
In addition a function is defined, which describes the expected error in terms of
instrumental magnitudes, taking into account Poisson distributed noise and mag-
nitude independent noise, mainly aliasing. This function is then fit to observed
data in a two-dimensional least squares sense, providing a calculated aliasing error
of 7 millimagnitudes. This function is furthermore rewritten in terms of the stan-
dard magnitude B. A maximum magnitude can then be determined for a certain
precision, which shows that the Bright Target Explorer (BRITE) can reach a pho-
tometric error of 1 millimagnitude for stars with magnitude B < 3.5, assuming
the worst case duty cycle of 15 minutes.



Chapter 1

Introduction

This thesis provides the theory to estimate the photometric error of the BRITE
prototype photometer. Real sky observations were made and with their help a the-
ory was developed which relates the photometric error to several parameters like
star magnitude and integration time. This work is important to support the state-
ment that BRITE shall be able to reach photometric errors of less than 1mmag
for stars with a magnitude of B > 3.5. Furthermore the results can be used to
estimate the optimum integration time for a given magnitude. The photometer
to be tested is a prototype of the one which will be flown on the BRIght Target
Explorer (BRITE) satellite mission. It consists of a standard, off-the-shelf front
illuminated CCD, custom optics and some minor additional parts. The mission
goal is the detection of star oscillations by using differential aperture photometry.
This requires a very wide field of view because several stars of similar apparent
brightness have to be within one image (see section 2.1).
The following sections provide a coarse overview of the BRITE satellite mission
and explain in this context the experiments which were conducted and the the-
ory which was derived. This thesis does mainly deal with a model for predicting
measurement-errors. In addition important concepts of image reduction methods,
degradation sources and issues of wide field photometry are presented in order to
introduce a basis for the coming chapters. The results do mainly deal with photo-
metric precision but do also present the plate solution and difficulties which were
examined during both the observations and the image reduction.
The main problems include signal extraction from star images with highly dis-
torted point spread functions (PSF), statistics on the achievable precision of dif-
ferential photometry and the definition of a plate solution which can be used for
images from arbitrary camera positions. The emphasis lies here on the minimum
star magnitude for a desired photometric precision and an optimum integration
time which can be deduced from standard magnitudes. The main task is finding
a function which fits the measured magnitude errors. This function is then used
to predict errors as a function of star magnitudes, which helps to deduce reason-
able observation targets. Furthermore a model is developed which translates star
magnitudes to electrons/photon/s.
Most of these issues could be solved easily with standard programs and methods
for a small field of view (FOV). However, for the photometer’s 24◦x20◦ FOV new
programs had to be written and specific problems to be solved (cf. [12] and [1]).
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Chapter 2

BRITE Satellite Mission

Built by the University of Toronto Institute for Aerospace Studies (UTIAS), the
micro satellite MOST is the first Canadian space telescope. It has been providing
mission data since its launch in 2003. Its pointing-accuracy exceeded by far the
requirements and with relatively simple instruments, it was able to detect p and
g modes in stars such as HD163899 which have not been discovered before [27].
Although MOST was a bigger satellite, BRITE is to some extent its successor,
being a 20cm cube with a mass of less than 7kg [7]. However, there are a lot
of differences between those two satellites, e.g. the MOST-telescope is bigger,
whereas the CCD for BRITE has a higher resolution.

2.1 Mission Overview and Science Goals

BRITE shall monitor millimagnitude variations in the brightness of stars with a
B magnitude of V > 3.5. Those apparently brightest stars are also some of the in-
trinsically brightest [7]. They are of special interest because, despite representing
just a small fraction of all visible stars, they produce most of the heavy elements
in the known universe, which are ejected from stars by stellar winds or super-
novae [7]. Fig. 2.1 shows that those luminous stars are mainly OB stars (dwarfs,
giants, supergiants) and asymptotic giant branch (AGB)/red-giant stars. It is
known that the latter ones experience variations in intensity which can be used
to deduce their internal structure [7]. Those asteroseismic oscillations occur in
many modes simultaneously. The fundamental mode is roughly inversely propor-
tional to the square root of the mean density P = 1/sqrt(ρ) [7]. Heavy, luminous
stars, can easily reach periods of several years. Instead of these fundamental fre-
quencies, much higher modes are observed, which exhibit the same scaling laws.
BRITE can sample oscillation periods from minutes to several months, depending
on its orbit. From measuring the oscillations, the stars interior density, or even
density profiles, can be deduced and help understand the structure and evolution
of intrinsically bright stars. From precise asteroseismology one wants to deduce
the size of convective cores, radiative areas and rotation of stars which is not
possible from the ground due to low duty cycles and atmospheric extinction [7].
The BRITE constellation will consist of at least two satellites with one red and
one blue filter in front of the sensor [7]. The orbit may restrict observations of
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Figure 2.1: HR-Diagram from Richard Powell [26] modified to show the brightest stars
only. Bright stars exist in every spectral region, but are dominant in the OB spectral
classes and the asymptotic giant branch.

one single sky position to a 15 minutes window (assumed the star is in the orbital
plane) which can be repeated roughly every 90 minutes for up to 100 days or
more. The brightness shall be deduced from differential photometry. This implies
that several stars, preferably of roughly the same magnitude, must be within the
same FOV. The large FOV of approximately 24◦ x 20◦ enables BRITE to see up
to 18 stars at once (see Fig. 2.2) with the specified performance (mag < 3.5) and
up to 200 stars at once with the desired one (mag < 7)[7].

Obviously one of the main variables is the minimum magnitude necessary to

Figure 2.2: Number of stars with a B magnitude > 3.5, which are visible at different
positions of the sky with a FOV of 24◦x24◦. In ascending order stands red for 2, blue for
4, green for 8, yellow for 12, and orange for 16. Black dots denote stars. source: [7]

achieve good photometry which defines possible observation regions. To enhance
mode detection, two different filters are used in the BRITE-mission [7]. While
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this could technically also be achieved with just one satellite, several satellites are
planned, mainly for redundancy and budget purposes but also for improving the
duty cycle and consequently the spectral window [7]. Table 2.1 shows the desired
accuracy of the satellites attitude control system with respect to photometry.

Table 2.1: Attitude control specification with regard to photometry. The pixel values
represent the specified accuracy in terms of a pixel with a diameter of 26 arc-seconds.
The attitude control accuracy is given according to the specification, which will be most
likely exceeded by far during the mission (cf. [27])

Parameter Value Value [pixels]

Differential photometry error
per 15 min on-target pointing

0.001 magnitudes N/A

Attitude control accuracy < 1◦ ≈ 150
Attitude control stability 1.5 arc-minutes RMS ≈ 3

2.2 Prototype Photometer

The photometer consists of a 5 lens telecentric optics, an aperture stop, a KODAK
KA11002 CCD, a filter and housing for all components. There are two different
filters, a blue and a red one (their passbands are shown in Fig. 2.5), with two
different optics for the BRITE mission. Just the blue optics and filter combination
is examined in this report.

The most important part of the photometer is its imaging device, the CCD.

(a) Image of the Prototype Photometer. The
CCD is at the left end of the photometer, the
entrance pupil at the right end.

(b) CAD model of the position of the pho-
tometer in the satellite (here denoted tele-
scope)

Figure 2.3: Photometer design (left) and accommodation (right) [22]

In scientific applications, thinned, back-illuminated CCDs are usually preferred
for various reasons such as homogeneity and high quantum efficiency (QE) [12].
Nowadays there are also back-illuminated CMOS devices with similar QE [10].
However, the CCD for BRITE is a front-illuminated interline transfer CCD with
microlenses [16]. Such a detector has an inherent design-problem: The interline
transfer architecture reduces the QE, because every second line does only transfer
charge, instead of transforming photons into charge. On the other hand allows
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this design read-outs during integrations. The microlenses increase the QE, by
focusing light to the diodes, which would otherwise fall onto dead space, but they
also introduce an angular dependency between incident photons and accumulated
charge [16]. The reasons for the choice of this CCD are mainly the low price and
rather good performance at expected temperatures on-board the satellite. This is
discussed in some detail in [21].

The CCD’s main parameters are summarized in Table 2.2. The prototype

(a) Schematics of the adjustment of the CCD
in the photometer housing [9]

(b) Schematics of the CCD of the prototype
photometer [16]

Figure 2.4: Schematics of the CCD sensor (right) and its adjustment mechanism in the
photometer (left) [22]

photometer allows to adjust the position of the CCD via adjustment screws as
shown in Fig. 2.4a. This is important to alter the focal plane and is treated in
section 3.1. In front of the CCD there is the optics. It has an external aperture

Table 2.2: CCD parameters from datasheet [16] and tests [6] at 10◦C. Important to note is
that these data were obtained with the engineering photometer and not the prototype one.
According to Mochnacki (personal correspondence), the prototype photometer should
show similar characteristics with a slightly higher gain of g = 3.4e−/ADU and read-out
noise of 18e−/pixel.

Parameter Value Source

CCD Transfer Type Interline Datasheet
Active Pixels 4008x2672 = 10.7MP Datasheet
Pixel Size 9x9µm Datasheet
Full Well Capacity ≈46000e− Test
Dark Current < 5e−/pixel/s in 99% of the total pixels Test
Gain 3.27e−/ADU (at +10◦C) Test
Linear gain range up to ≈ 8000ADU Test
Read-out noise 4ADU/pixel Test

stop configuration and is image-space telecentric, which means its exit pupil is
at infinity. Such optics provide the same angle of incidence and angular subtense
everywhere in the image plane. This is very important, since the CCD is equipped
with microlenses as discussed above. The aperture’s diameter is d = 30mm with
a field of view of approximately 24◦x20◦. Using the data above, one pixel roughly
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covers an area of (24◦/4008)x(20◦/2672) ≈ 22x27arcsec. In section 5.2 is a more
exact area deduced from the plate scale. This comparably huge area gives rise to
aliasing and increased sky background noise as discussed in section 3.4.

Quantum Efficiency The quantum efficiency QE(λ) is wavelength dependent
and defined as the ratio of incoming photons and photons which generate elec-
trons [12]. The higher the quantum efficiency, the more electrons are generated
in the CCD and the better the signal to noise ratio for a given integration time.
The manufacturer’s published quantum efficiency curve of the CCD as well as the
measured QE of the filters are shown in Fig. 2.5. The combined average QE of
these two components is approximately 0.4 for λ = 395 . . . 455nm.
Knowing the exact QE of the system is one essential constraint for absolute pho-
tometry, which is not subject of this thesis. It is presented here for completeness,
and because continuative works might incorporate a better conversion from flux
to standard magnitudes (cf. section 5.3.4) by knowing the QE of the system.

Figure 2.5: Quantum efficiency of the CCD including microlenses (blue line with tri-
angles), UBV filter passbands, uvby filter passbands, and BRITE blue and red filter
passbands. Interesting to note is the obvious similar passband of the B-filter and the
BRITE blue filter.
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Chapter 3

Introduction to Image
Reduction and Analysis

This chapter shows the degradation sources of images, deduction methods and
mitigation techniques which were developed throughout the work for this thesis.
Special emphasis lies on the main effects which differential wide-field photometry
has to deal with. Furthermore the concepts of signal to noise ratio and point
spread functions are established. They are of special importance since they form
the basis for the image analysis. Some wide field of views (FOVs) of actual
telescopes are shown in Fig. 3.2 to demonstrate that BRITE’s FOV is especially
large even compared to other wide field instruments. In order to understand
the proceeding chapters, especially the noice sources, the concept of point spread
function is explained prior to those.

3.1 Point Spread Function

A star far away from Earth is a point-source for the photometer. However, the
star’s light is perturbed on its way, mainly in the Earth’s atmosphere and further
manipulated by the optics and aperture of the photometer. The incident light
from the star, right in front of the sensor, is a convolution of the original point
source with all these blurring effects and here termed source point-spread function
(SPSF). The PSF on the sensor,Ψ, is then a convolution of the SPSF Φ with the
detector response function (DRF) Λ:

Ψ = Φ ∗ Λ (3.1)

In literature on photometry [19] the PSF is sometimes called point-response func-
tion and the SPSF is called detector response function, which is avoided here
to be consistent with other documents referring to BRITE. So the PSF in this
case is the discretized SPSF. Of special interest in this context is the achievable
photometric precision for different PSFs. It is important to keep in mind that a
CCD is not a perfect sensor. The incident light on one pixel is not transformed
totally to electrons and the transformation is not totally identical for all pixels.
Furthermore the PSF is subject to aliasing which is introduced later and just very
briefly explained here. It causes errors in both photometry and astrometry, which
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is obvious from one simple example: If one single pixel of the CCD is bigger than
the PSF, the same image is created for different positions of the incident light
over this one pixel. Another example illustrates the photometry errors: If the
PSF is exactly the size of one pixel, the response is maximum if the star is exactly
centered above one pixel, but information is lost if it is centered about the spacing
between two pixels. Since here differential photometry is discussed, the net loss
of photons is not important as long as it is fractionally the same for all signals.
Intuitively, one might think of an unsharp PSF to solve this problem. Sharpness
S can be mathematically defined as S =

∫∫
Ψ̃2 dx dy [19] , where Ψ̃2 denotes

the normalized PSF. If all photons are collected within one pixel, the sharpness
is unity, S = 1. The flatter the PSF, the smaller S, reaching zero for a PSF
stretched to infinity.

As the sharpness example shows, sharp spikes in the PSF should be avoided,

(a) Real Image PSF (b) Contour plot PSF (c) Color-Scaled PSF

Figure 3.1: Different PSFs in different representations. The left ones represent one ellip-
tical and one rather circular PSF and their computed centers (yellow circle). The middle
image is a contour plot of an elliptical PSF and the right image a color-scaled plot of an
elliptical image, where red represents the highest value.

because it increases the loss of photons due to space in between the pixels. There
are basically two ways to overcome sharp spikes: defocusing or moving the CCD
while integrating. The latter one provides very interesting and promising possibil-
ities, namely generating arbitrary PSF shapes with the same, optimally focused,
optics. Various papers were published lately demonstrating the high accuracy of
photometry using this technique (see [1]). However, our photometer shall be flown
on a spacecraft whose attitude control system cannot provide the necessary accu-
racy for those integrations. Consequently, this analysis concentrates on optically
blurred (defocused) PSFs.
Ideally they are symmetric with a clear center. First defocusing tests in the lab
with a simulated constellation show that their eccentricity varies depending on the
incident light angle, in other words, on the position of the source on the sensor.
The PSFs vary considerably from each other in terms of eccentricity, homogene-
ity, and size (as shown in Fig. 3.1). This fact makes it difficult to detect the star
positions automatically. No details are presented here, but it should be noted
that by using Gaussian smoothing, the rounder stars were detected quite well,
whereas the elliptical ones showed the same offset. To partially avoid this effect, a
duplication of the image was convolved with a circular filter of radius r = 6pixels
and the center positions deduced from this duplication.
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3.2 Difficulties of Wide-Field Photometry

There are some particular issues about wide-field photometry which do not apply
significantly for narrow FOVs (cf. [1]:)

• Largely varying seeing

• Differential atmospheric refraction

• Differential extinction

• Distorted stellar profiles (Point Spread Functions)

• Time and space dependend sky background

• Shading or vignetting

• Angular dependency of quantum efficiency

Most of them are due to atmospheric effects, which can be neglected for spaceborne
instruments. The seeing, for example, varies on the position of turbulent layers.
This is not accounted for in this analysis, because we simply cannot measure
it. Moreover, there is differential atmospheric refraction, which affects precise
astrometry. However, Filippenko [8] shows that for a blue filter with a passband
of λ = 400 . . . 500 nm, the differential refraction is about 2 arcsec for elevations
of 20◦. . .90◦, which corresponds to less than 1/10th of a pixel of the photometer
and is therefore neglected. The most important threat is posed by the differential
extinction. For a 24◦ FOV, the airmass, whose relation to extinction is shown in
(3.4), can vary so much that differential photometry errors of more than 1 mag
are possible.
Another group of potential errors is related to the optics. Stellar profiles usually

Figure 3.2: BRITE’s very wide FOV of approximately 400sq.degrees compared to other
wide field telescopes. MegaCam covers roughly 0.25sq.degrees, the large synaptic survey
telescope (LSST) 9.6sq.degrees, and Kepler covers 105sq.degrees [12].

change significantly over a wide FOV (see also [12]). Also, reflected stray light
patterns might be visible on the image, which are time and space dependent,
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making them hard to account for. As well as stray light, the sky background is
time and space dependent. It is the main contributor to noise, because one pixel
covers a large area of the sky. Furthermore, shading, which is mainly vignetting
and the angular dependency of quantum efficiency due to the use of microlenses,
could be a problem for standard optics [1]. The BRITE photometer’s optics,
in contrast, do not suffer from the aforementioned problems due to a custom
telecentric design.
Other errors are not limited to wide-field photometry, but might contribute more
in this case, once again due to the large area that is covered by a single pixel. Most
important in this context is undersampling or aliasing, and the shape and size of
the point spread functions (PSFs). Narrow PSFs, for example, let pixels saturate
at shorter exposure times which decreases the S/N due to additive noise terms such
as readout-noise (see section 3.3). On the other hand, the sky background noise
increases with increasing size of the PSF as the integrating aperture is increased.
Issues of wide field photometry are discussed in more detail by Bakos et al. [1].

3.3 Image Degradation and Mitigation Techniques

All electrons look alike! [12]

Once the stellar photons have been converted to electrons, they are indistinguish-
able from the electrons created by other means, namely noise. So understanding
the noise is the main task of signal extraction.
The image as it is stored on a computer suffers from various degradations. The fol-
lowing sections provide a brief overview of their sources and mitigation techniques.
They are separated here into classical noise sources, atmospheric extinction, and
aliasing.

3.3.1 Classical Noise Sources

Classical noise sources are here defined as those taken into account by the orig-
inal CCD equation [24]. Most of them show a Poisson distribution, hence their
standard deviation is defined as σNx =

√
Nx. The only exception is the readout

noise, which is constant as a first approximation. The following paragraphs dis-
cuss briefly their characteristics and follow loosely the discussion in [24] and are
supported by [12].

Photon Noise Variations in the number of photons coming from the source are
termed photon noise. This noise is always present and cannot be mitigated.

Sky Background Noise This noise source is basically the same as photon
noise, but from unresolved background objects in the same aperture. It can
be reduced by decreasing the number of pixels containing sky background, i.e.
making the aperture smaller. Also using PSF-fitted apertures instead of round
ones could reduce sky background noise, which is here not regarded as a possibility
because of the difficult implementation into existing programs due to the necessity
of knowing or extracting the PSF shapes.
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Thermal Noise / Dark current noise The dark current, Id, on the CCD is
proportional to temperature: Id ∝ exp(−B/kT ). It doubles roughly every 7◦C
for the KODAK KAI-11002 [16], which shows that proper cooling of the chip can
mitigate dark-current noise. The image can be corrected with a dark frame of
equal exposure time, which is composed of several dark images. The mean of the
thermal noise can be reduced in this way. Its variation, in contrast, remains. It
can be given by σId =

√
Idtn, to show its time-dependency, where Id is the number

of e−/pixel/s, t is the integration time, and n is the number of pixels.

Readout Noise Contrarily to the preceding noise sources, this one is related to
the read-out electronics. It occurs due to the imperfect measure of the amplifier
and random fluctuations in the output caused by the electronics. The amplitude
of the noise can be reduced by averaging several images. Since the readout noise
is not time-dependent, a longer integration time reduces its contribution to the
total signal.

3.3.2 Atmosperic Extinction

The flux measured on ground is absorbed and scattered (namely Rayleigh and
aerosol scattering) in the atmosphere, which is termed extinction [3]. For differ-
ential photometry and a small FOV the atmospheric extinction could be neglected.
For the measurements discussed in here, however, it is highly important to take
it into account. Why and how it is possible to correct for atmospheric extinction
is for example explained in [28] (theory) and [29] (application). A very brief de-
scription is presented here, to justify the approach used by the author.
From the radiation transport equation for a nonemitting layer,

dIν/Iν = −κνds, (3.2)

where Iν denotes the spectral intensity, and κ the scattering cross section, follows
directly that

Iν/Iν,0 = e−τν ·X , (3.3)

where τν is the optical thickness, in this case of the Earth’s atmosphere. X is the
airmass which can be well approximated with X = sec z, where z the local zenith
angle. Rewriting this equation in terms of magnitudes yields

m(λ,X) = m0(λ) + k(λ)X, (3.4)

which is known as Bouguer’s law, where m is the measured magnitude. m0 is the
magnitude as it would be without atmosphere and is given by

m0(λ,X) = −2.5 log10 (F (λ,X)/Fx(λ)) , (3.5)

where Fx denotes an arbitrary reference flux used for scaling purposes, and k is
the extinction coefficient (which is a multiple of τ). Clearly, the extinction is
highest close to the local horizon.
The photometer has a very wide FOV, so especially near the horizon the differ-
ential extinction is high and affects the differential signal significantly. To clarify,
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this is only the case when an atmosphere is present, so it can be neglected in
a high enough orbit with a line of sight that doesn’t point towards the Earth.
Assuming function 3.4 is not wavelength dependent, which is the case for a very
narrow filter, it allows to simply linearly extrapolate magnitudes over airmass
to find the value k. Notice here that airmass at zenith is X = 1, so that the
extrapolation shall be done to X = 0. In general k depends on the wavelength,
but for the rather narrow blue filter a constant k is assumed. The extinction
coefficient can either be obtained by observing one star over different altitudes
or by analyzing different stars in one big FOV. The first method requires rather
constant sky conditions which very rarely happen to happen in Toronto, where
the observations were done. The latter one having the disadvantage that the CCD
has a lot of noise sources, different PSFs depending on the position of the star
on the CCD, distortions and many more imperfections. In addition it requires
precise knowledge of the theoretical magnitudes which would be observed with-
out extinction. As this is not given, because neither the exact transmission curve
for the photometer is known, nor the stars exact flux, several stars over several
images are compared.
The extinction coefficient is measured to be k ≈ 0.4 for the blue filter at clear sky
conditions, which corresponds well to the value of k = 0.36 obtained by Vargas et
al [29] for a B-Filter with clear sky in Spain. When measurements are far away
from the local horizon, the noise in the image makes it difficult to clearly measure
the extinction coefficient, because the airmass range is very small. On the other
hand, differential extinction does then not severely affect the measurements for
the same reason.

3.3.3 Aliasing of Sampled Data

According to the sampling theorem, the sampling frequency must be at least twice
the signal-frequency [2]. Otherwise the sampled frequency folds to a lower one.
This effect is called aliasing. It affects both astrometry and photometry with the
first one not being very critical in our case. Aliasing can be described by using
physical parameters of the sensor. Let one pixel be defined as one diode plus free
space around that diode. Clearly photons are lost in that free space although the
BRITE sensor has microlenses on top of each pixel to minimize that effect. The
PSF has to be designed in a way that, regardless of its position on the sensor, the
loss due to inter-diode space is equal. Otherwise precise differential photometry
is not possible. Mathematically, aliasing can be represented in different ways. A
very intuitive one for images is defining three functions: the signal s(x, y), the
diode d(x, y) (sensitivity function of a single pixel), and the sampling grid

∆(x, y) =
∞∑

k=−∞

∞∑
l=−∞

δ(x− k)δ(y − l) (3.6)

(also called ideal sampling function or shah-function) as done in [20]. The sampled
signal is the convolution (here denoted ∗) of the first two, multiplied with the last
one.

f(x, y) = s(x, y) ∗ d(x, y) ·∆(x, y) (3.7)
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Without going into details, it is obvious from this equation that several different
x and y positions may produce the same f(x, y) because of the convolution, ergo
spatial information is lost. It is also obvious that slight shifts of the same function
produce different f(x, y), because of the multiplication. Therefore the response is
space dependent for the same signal and accuracy is lost. Details on aliasing in
regard to PSFs and its effect on the reconstruction of the continuous signal are
for example given in [13].
The aliasing error is here defined as the DC amplitude value in frequency domain
of the sampled signal divided by the DC amplitude value of the original function.
Mochnacki shows that the diode to diode center must be less than 1/2 times the
width of a Gaussian function at 1/e of its maximum for a photometric error of less
than 1% [20]. Notice here, that the aliasing error in this approach is proportional
to the flux, and therefore independent of magnitudes, which will be assumed for
calculations later on. In principle, Mochnackis results are only true for Gaussian
shape signal- and boxcar shape diode-functions, and not for the PSFs which are
observed on BRITE’s sensor which are very distorted off-center and not symmetric
in intensity [20]. In addition the diode-function for the BRITE sensor is not known
and can probably not be approximated with a boxcar function. Nonetheless one
can deduce that, in general, the wider the PSF, the less it is affected by aliasing,
but the lower is the S/N as discussed in section 3.1. In contrast to the precision

Figure 3.3: PSFs at different horizontal sensor positions[17]. The numbers underneath
each PSF indicate observation number, highest percentage of flux in one pixel, area com-
pared to totally focused PSF, CCD position, horizontal position of the PSF, and aliasing
error in millimagnitudes

increase for decreasing sharpness, a flatter PSF decreases the S/N, which implies
a precision loss. Accordingly, the interest lies in finding the smallest PSF which
is not significantly affected by aliasing. Accordingly, the PSFs with the smallest
aliasing error (Fig. 3.3) were deduced from tests (see Kuschnig [17]), rather than
from calculations. Observed PSFs were bilinearly interpolated to a 100 times finer
grid and then moved along this grid to evaluate the aliasing error [17].

3.3.4 Further Issues

Sensitivity Differences In commercial CCDs the sensitivity difference is up
to 1% per neighbouring pixels and up to 10% per chip [12] (in partial due to gate
and channel structure in front of each pixel for front-illuminated CCDs). One
can get rid of these differences in the final image, by exposing an evenly bright
surface, the so called flat-field frame [12]. This method also eliminates vignetting
and impureness or contamination of optics and chip. But as easy as it sounds,
it is highly complicated illuminating a surface evenly, especially for wide FOVs.
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For this thesis there was no flat-field correction done. Uneven illumination of the
sensor due to external noise sources was pointing dependent, which would have
made the flat-field procedure even more complicated.

Miscellaneous One can think of other causes of possible signal degradations,
such as blooming or fringing. These effects are not important here since the filter
is narrow and the exposure times well chosen. Quantization error which results
from digitalization is also negligible. Single events such as galactic cosmic rays
may effect the signal, but if they are in the sky background they are normally
treated as outliers by the software suite IRAF and not taken into account for
photon statistics.

3.4 Signal to Noise Ratio

As will be seen later on, the signal to noise ratio (S/N) is the key to finding
a function which describes the achievable photometric precision. For a realistic
CCD, the S/N is given by the so called CCD equation. It includes noise sources
which can be described in terms of Poisson statistics. This is its extended version
[12]:

S/N =
N∗√

N∗ + npix(1 + npix/nB)(NS +ND +N2
R +G2σ2f )

. (3.8)

with N∗ the photons from the source, npix the number of pixels within the aper-
ture, NS the number of photons per pixel from the sky background, ND the
dark-current in photons per pixel, NR the readout noise in electrons per pixel,
nB the number of pixels used to determine the sky background, and G2σ2f a term
which describes the discretization noise. This last contribution can usually be
ignored if the gain is low, i.e. below 100 [12], so that the S/N equation can be
rewritten as

S/N =
N∗√

N∗ + npix(1 + npix/nB)(NS +ND +N2
R)
. (3.9)

If N∗ is very large compared to the other terms, the S/N is dominated by the pho-
ton noise and reduces to S/N =

√
N∗. Using the same notation as Howell (1993),

the S/N equation can be written as the standard deviation of the measurement

σccd =
1.0857

S/N
= 1.0857

√
p

N∗
, (3.10)

with p being N∗ + npix(1 + npix/nB)(NS + ND + N2
R). In comparison to this,

IRAF calculates an error in the magnitude defined as merr for each star and
observation, given by

merr = 1.0857

√
a

flux
, where a is defined as (3.11)

a =
flux

epadu
+ area · σ2 +

area2σ2

nsky
. (3.12)
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IRAF’s documentation does not explain these equations in detail. Assuming that
flux/epadu and flux in the previous two equations are identical, σ = NS +ND +
N2
R, and area = npix, IRAF also uses the CCD equation for error estimations.

This was tested to be true for the data presented in 5.3.2.
The aliasing error is expected to be proportional to flux, with σf/f = const,
meaning that on average a constant percentage of the flux is lost due to aliasing.
This translates to a constant aliasing error in magnitudes. Let σa be the aliasing
error which is uncorrelated with the other errors. The combined error is then
given by

σ =
√
σ2a + σ2, (3.13)

since the variance of the sum of uncorrelated random variables is the sum of their
variances.
The error from the measurements is expected to be larger, because of the dis-
tortions of the PSFs. Since they are in principle unknown, the additional error
cannot be quantified here.
As a remark, the S/N, and thus the photometric precision, is highest for an aper-
ture radius of r ≈ FWHM [11] when dealing with Gaussian shape PSFs.
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Chapter 4

Observations

Several observation runs were made with the photometer at the UTIAS. This
chapter explains how the photometer was set up for the observations, which pro-
grams were used to reduce, extract and analyze the data and how a collimator
shall help focusing the photometer in the lab without real stars. Words printed
in typewriter font denote IRAF functions, words in slanted font stand for file
names, unless otherwise stated.

4.1 Setup of the Photometer and Tracking Platform

The main instruments for the tests were the prototype photometer for the BRITE
mission and a Paramount Tracking Platform. Two laptops controlled the platform
and read out the data from the photometer. Furthermore a 110V power supply
for the laptops and tracking platform, and a 5V power supply for the photometer
was used (as shown in Fig. 4.1). For the tracking platform it was chosen to

Figure 4.1: Block Diagram of Photometer Setup

build a concrete base which was not completed prior to finishing this thesis. For
this reason the complete equipment had to be set up for each observation. The
tracking platform is an automated German equatorial telescope mount. The RA-
axis pointed true north which is ≈ 10.5◦ to the East of magnetic North at UTIAS
[5]. The camera was connected to the Paramount via an aluminum plate. The data
were downloaded to a PC via a low-speed USB 1.1 connection. This resulted in
very long download-times (up to 10 minutes for a full frame) and a lower number of
consecutive images of one star-field than it might have been necessary for precise
photometry. Table 4.1 shows the starfield which was observed and analyzed.
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There are several disadvantages connected to this set-up which must be kept in

Table 4.1: Important parameters for the starfield which is examined in this report

Identifier for this report SF1
Approximate center star with magnitude V > 5 SAO 82310
Position of center star [RA, δ] 12h26m24s, 27◦16’05”
Constellation Comae Berenices

mind when analyzing the results. First, the δ-axis changed its true declination
every observation day due to position changes of the telescope. Second, the RA-
axis could not be aligned to the true north with a very high accuracy, because this
is only possible by comparing a set of images and analyzing the star drift. The long
download times, up to several minutes, did not allow this procedure. Moreover,
the observations took place close to downtown Toronto, hence close to a heavily
light-polluted sky. Thus some reflections of nearby light-sources were also visible
on the images, which varied depending on the pointing of the photometer.

4.2 Focusing the Photometer with a Collimator

Since the BRITE satellite shall not be tested under real sky conditions in the first
place, its photometer has to be focused and tested in the lab. This shall be done
with a light-source, an artificial star field, in front of a telescope. This telescope is
focused to infinity using another telescope which is focused using real stars. The
setup is shown in Fig. 4.2. The light source, denoted artifial stars, is positioned
at one end of the telescope, where there usually is an eye-piece. This produces
quasi-parallel rays on the other side, where the photometer is placed. Hence the
photometer receives photons from quasi-infinity as it would do when observing
real stars. This setup is referred to as collimator and described in [22], where it
is used to focus the photometer and obtain PSFs in order to calculate aliasing
effects.

4.3 Data Reduction, Signal Extraction and Analysis

The observation-run with the least degradation due to stray light and clouds is an-
alyzed. The US Naval Observatory (USNO) website [25] provides starlists which
include several parameters such as star positions and star magnitudes for several
filters. This work made use of the supported US Naval Observatory Merged As-
trometric Dataset (NOMAD) star catalogue.
The sky background contains all possible noise sources such as unresolved astro-
nomical objects, read noise, thermally generated dark current electrons, and other
sources (cf. [12] and section 3.4). For subtracting the sky background from the
signal, an annulus about each starcenter is defined, which represent the average
sky background about each star. An inner radius of 10 pixels and an outer radius
of 15 pixels is used (see Fig. 4.3a), which includes a total of 392 pixels. It should
be far enough away from the star not to include the signal, but close enough to
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Figure 4.2: Setup of the Collimator

provide a realistic estimate of the sky background, which is superimposed by the
star’s signal. The example in Fig. 4.3a shows that a bigger sky annulus would eas-
ily include neighboring star signals. This does not mean that the chosen radii do
not include any other star signals. It is a compromise between large enough back-
ground and small enough annulus. The signal itself is simply the flux in a defined
aperture subtracted by the sky background. According to Merline and Howell [18]
the sky annulus should contain at least three times more pixels than the aper-
ture. An annulus of 392 pixels would limit the aperture radius to r=6. However,
apertures with radii up to r=10 where used, because of the highly distorted PSFs.
Since absolute photon counts are not of interest for differential photometry, the

(a) Sky annulus shown exemplary at parts of
an image from SF1

(b) PSFs with their optimum aperture (inner
circle) and inner radius of sky annulus

Figure 4.3: Some exemplary PSFs in comparison to the sky annulus which was chosen
for background determination. A bigger sky annulus would clearly include neighbouring
star signals for the bottom three stars of the left image.

best aperture is the one which results in the highest S/N. This one has a radius
close to r = FWHM (Full Width Half Maximum) (which is about one third of the
aperture that contains all the flux from the object [18] for a Gaussian shape PSF.
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This value varies depending on the FWHM and also on the brightness of the stars,
so a theoretical solution would be very hard to find for the highly varying PSFs
and the solution is found empirically. The PSF variation is shown for four cases
in Fig. 4.3b. The stars denoted 1 to 4 have best aperture radii of 6, 5, 10 and 4
pixels. The exact process of finding the best aperture is explained in section 5.3.1.
It is found by calculating the standard deviation of differential fluxes, also termed
error of the measurement. This error from the tests should be pretty close to the
one IRAF predicts (3.12), but at least bigger than the error which is expected
from photon statistics (section 3.4).
The flux f is calculated by the IRAF function phot, which determines the sky
background from the sky annulus. The same function converts this flux into mag-
nitudes and calculates an estimated error of these magnitudes based on the CCD
equation (see section 3.4). This flux is corrected for differential extinction using
the author’s matlab function extinction.m.
Let the reference flux fR for each image be defined as the mean flux of several
stars, ignoring the really faint ones. The weighted flux for each star and image
is then fw = fR − f . Note that fw can be negative. The standard deviation of
fw for each star over all images from one observation run can be converted to the
standard error of the mean (SE), given by SEx = s/sqrt(n), with s = std(fw)
and n being the number of samples. It follows immediately that for reducing the
standard error of the mean by two, the sample size n has to be four times as large.
Using the author’s matlab function idealAperture.m, all fw from different aper-
ture sizes are compared, and the optimum aperture deduced, either for all stars
together or for each star separately. Finally, the achievable precision in terms of
sample number and magnitude is calculated.
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Chapter 5

Results

The images from SF1 were analyzed in order to deduce the plate solution of the
CCD and to establish a model for the photometric precision. In this context,
some technical issues had to be solved and some theory to be derived.

5.1 Technical Difficulties

The Paramount tracking platform was not set up in a permament position, and
had to be taken outside and newly aligned for every testrun. Taking into account
the long readout times for one image (depending on image size up to 10 minutes)
it is obvious that a perfect North-pole alignment was not possible. Consequently,
PSFs from these observations are slightly blurred, reducing the aliasing effect.
The apparent movement of stars on the CCD was approximately 0.02 pixels per
second for SF1. Furthermore periodic patterns could be noticed on the images,
which might have been caused by a nearby generator. Finally, an unexpected
focusing behavior was observed.

Interferences In contrast to the first tests which were performed indoors, the
outdoor tests showed an additional periodic noise source. The Fourier transform
of one of those images clearly depicts the additional frequencies (see Fig. 5.2a).
They vary vertically for different images, and stretch over a larger area, but stay
at exactly the same value horizontally. As a consequence, is it easy to filter them
automatically in the frequency domain, by reducing the absolute value of the fre-
quencies in just one row of the Fourier transformed image.
The CCD has 4048 pixels in the horizontal direction. Thus, the frequency is
f = 87/4048 and the period P = 1/f ≈ 47 pixels. As the clock frequency of the
CCD read-out electronics is 10 MHz, this additional frequency has a correspond-
ing value in time domain of fd = 10MHz/47 ≈ 215kHz. To date, the source of
this disturbance remains unknown.
In the frequency domain the image has to be carefully manipulated. The Fourier
transform of a real valued function which is not symmetric is a Hermitian func-
tion, i.e. it has an even real part and an odd imaginary part [2]. Hence, when
manipulating the image in the frequency domain, it is important not to alter the
signs of the values in order to leave the real image purely real-valued. It is also
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important to keep frequencies which are not affected and to carefully reduce the
affected ones. Here, frequencies were reduced by using a simple threshold. Let
x(f)t be a value which sets an upper threshold for the absolute value of a fre-
quency. Frequencies with higher values are then reduced to this one. An x(f)t is
chosen, which reduces fd significantly, but does almost not affect pixels in adja-
cent rows (see 5.1)
By reducing the frequencies in question, the herringbone pattern in spatial do-

Figure 5.1: The x-axis is the distance from the line, which includes the unwanted patterns
in frequency domain. The y-axis stands for the number of pixels in this line, which are
reduced. Each line represents a different threshold x(f)t.

main could be eliminated for the most part. Although the results seem to be
improved after the manipulation, this method is dangerous to photometry: Since
the reduction of the values is equal to a multiplication with a 1 pixel wide boxcar-
function in the frequency domain, sinc-function patterns are introduced in the
spatial domain. In addition, a manipulation of the star signals cannot be excluded.
Nonetheless, neither of those two side-effects seem to be of any significance com-
pared to the original problem. The resultant images are visibly nicer, i.e. without
the herringbone patterns, and further analysis show a reduced variance for the
estimated star-magnitudes in these images compared to the original ones.

Focus In addition to the herringbone pattern on the final image, there was
an unexpected behavior of the optics which is deducible from Fig. 5.3. The
coordinate axis indicates the offset from the center of the CCD in pixels. The axis
of ordinates shows the offset of the CCD itself from an somewhat arbitrary zero-
position in µm, defined by the photometer housing. The PSFs on the different
sides of the image seem to focus and defocus in opposite directions. This is
clearly a behavior which was not observed in previous tests and indicates that
the photometer has been changed in between the last focusing tests and the work
for this thesis. As a result, there are always totally focused parts somewhere in
the image, no matter if the CCD is tilted or not, and the statistics do not only
comprise data from ideal PSFs. Thus, the estimated error from these observations
might be slightly larger than the one expected for the ideal PSFs. The author’s
hypothesis is that the photometer was disassembled and assembled again and at
least one of the lenses turned upside down.

21



(a) Before Frequency Filtering (b) After Frequency Filtering

(c) Before Frequency Filtering (d) After Frequency Filtering

Figure 5.2: The upper left image shows a part of the absolute values of the fast fourier
transform (FFT) of the original image. Red indicates higher values, blue denotes lower
ones. The red spikes are reduced in frequency domain to produce the upper right image.
The lower left image is a part of the original one. The lower right image is a part of the
result of the inverse FFT of the upper right image.

Figure 5.3: PSFs on different positions of the CCD, obtained with the collimator. The
horizontal axis shows the physical distance in µm of the CCD from a zero-position. The
vertical axis shows the offset in pixels from the center of the CCD.
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5.2 Astrometry for Finding Plate Solution

The plate solution shall be used for estimating star positions on the CCD for a
known pointing of the photometer. It is given in standard units ξ and η as a
function of pixel coordinates. It is defined in terms of a gnomonic projection with
respect to a tangent point [14]. This means the shortest way between two star-
positions in reality is a straight line on the projection. The standard units are
also defined with respect to this point, given roughly by the center of the CCD.
They have the form of a power series in two variables with zero offsets [14]:

ξ(x, y) =
∑

aijx
iyj (5.1)

η(x, y) =
∑

bijx
iyj (5.2)

The independent indices i and j run from zero to n − 1, where n is the order
of the polynomial. The order in x and y can be different for ξ and η allowing
four independent settings. Terms which include multiplications of x and y are
termed cross terms. There are three different cross term settings available in
IRAF: none, full, and half. The setting half includes for both, ξ and η, all
cross terms which have a maximum combined power of less than the maximum
order, formally written as

Omax(crossterms) = max(imax − 1, jmax − 1). (5.3)

It follows directly that the polynomial must be of at least 3rd order to represent
a non-linear distortion. Finding the right order in all dimensions is not trivial as
higher orders in general decrease the residuals and create non-existent accuracy.
To test appropriate orders, 44 star positions from SF1 (distributed all over the
CCD), have been extracted and mapped to their corresponding coordinates (RA
and δ). As it turns out, a fourth order fit in all dimensions with half the cross
terms seems to be the best one for two reasons. On the one hand, is it still a
well over-determined system. On the other hand, all orders lower than four show
systematically distributed residuals, indicating that a higher order fit might be
more appropriate. The difference between full and half cross terms is marginal,
so the lower order has been chosen. The resultant plate solution shows a pincush-
ion distortion and is shown in Fig. 5.4. The root mean square (RMS) residuals
in η and ξ are 21.5 and 10.9 arcsec and the length of one pixel corresponds to
27.7 arcsec in x and 27.2 arcsec in y. IRAF’s documentation does not discuss
the extraction of aij , and bij from the calculated plate solution file. If they are
defined in terms of the RA, δ coordinate system, they vary on the pointing of the
photometer.
One idea to overcome this dependency is that the plate solution can be defined
in terms of a reference point. Let this point be given by the according spherical
coordinates RA=0, δ = 0 and an angle to North of 0◦. Let the according co-
ordinate system be defined as global sensor coordinate system (GSC). An image
from an arbitrarily pointed photometer can then be transformed to the GSC and
all further analysis done in the GSC, The advantage is that one plate solution
can easily be used for any photometer pointing. The coordinate transformation
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Figure 5.4: Plate Solution using a fourth-order fit in both dimensions with half the
cross terms. There are 20 independent variables for 44 starpositions yielding a well over-
determined system.

could easily be done using quaternions, so that all necessary rotations can be ex-
pressed in terms of one 3 x 4 matrix. Whether there is any advantage over the
local tangent representation calculated by IRAF has to be further investigated.
An analysis on the feasability and necessity of the quaternion approach will be
further investigated by the author and reported in work proceeding from this the-
sis. For the sake of completeness, it is mentioned that another method is using
the quaternion constants directly as plate solution (see [15]). However, this only
seems to be possible for linear plate solutions.

5.3 Differential Aperture Photometry

Photometry in general is the art of deducing the flux of photons which hit a
sensor and cause charge to accumulate. The descriptions here refer to differential
aperture photometry, using a circular aperture defined about a star center. Simply
speaking, pixel values within this aperture are summed up and subtracted from
the background. This is very simple, both theoretically and computationally. In
terms of aliasing, a two-dimensional profile fitting might be a better technique,
but is far more complicated and needs more computational power [11]. It is
mentioned for clarity that all standard deviations mentioned are sample standard
deviations, even though denoted with σ (they are biased and do not represent the
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true standard deviation).

5.3.1 Best Aperture in Terms of Signal to Noise Ratio

The higher the signal to noise ratio (S/N), the better the photometric precision.
Following this argumentation, the best aperture is the one resulting in the highest
S/N. As mentioned earlier, the aperture shape is a circle. Other aperture shapes
might raise the signal-to-noise for some PSFs, but make the analysis more com-
plicated.
In principle there are two different levels of accuracy: One fixed radius for all
PSFs and Different fixed radii for different PSFs. The first one is the simplest
approach and used in further analysis later on, whereas the second one is exam-
ined hereafter. By calculating the mean standard deviation σ of all stars for each
aperture, an ideal aperture can be deduced which has a radius of ra,opt = 7 pixels
for the 30 brightest stars in SF1 as shown in Fig. 5.5b. The large differences of the
standard deviations from Fig. 5.5b to Fig. 5.5a are to be expected, since a differ-
ent number of stars is examined. Instead of that, the values for the standard error
of the mean should be identical (see section 5.3.2). While this aperture results in

(a) considered are the eight brightest stars. (b) considered are the 30 brightest stars.

Figure 5.5: Standard deviation of the measurement plotted over aperture radius. One
fixed radius is used for all PSFs in order to deduce the ideal aperture. In both presented
cases there is a minimum for an aperture diameter of 14pixels.

the smallest σ if using a fixed aperture radius, it does not account for different
PSF shapes. Since the image shows distortions, and objects further away from
the point with the most focused PSF (here termed focal center) are magnified,
there is obviously not just one optimum aperture for the complete sensor area.
If the image is already recorded, the ideal aperture can simply be deduced for
each PSF by applying different apertures and choosing the one with the highest
S/N. Onboard the spacecraft in contrast, an ideal aperture has to be estimated
prior to analyzing the image. Since the PSFs change depending on their position
on the sensor, there should be a relation between this position and the optimum
aperture radius.

Fig. 5.6a shows that PSF size and distance to focal center are linearly related

25



(a) Aperture diameter which contains 50% of to-
tal flux plotted over radial distance to focal cen-
ter.

(b) Calculated optimum aperture diameter
plotted over radial distance to focal center.

Figure 5.6: Optimum aperture as a function of distance from focal center

in a first approximation. It is now assumed that ideal aperture and distance to
focal center show the same relation. This is not obvious from Fig. 5.6b, which
shows the best aperture for some PSFs over their distance from the center of the
CCD. A somewhat arbitrary function can be deduced from these data, assuming
that the error shows a minimum for an aperture which includes 50% of the total
flux: ra,opt = 10/1400 · rfc + 1, where rfc is the radial distance to the focal center.
It can be seen in Fig. 5.8, that this calculated best aperture provides sometimes
better results than the best fixed aperture, whereas the mean error is even bigger.
It follows that finding the best aperture as a function of pixel position can not be
done this simply. One reason might be the strange focusing behaviour which is
explained in section 5.1.

5.3.2 Fitted Error Estimation Function

The photometric error depends on the size of the PSF (see section 3.4). For the
time being, this fact is ignored and included later. The error estimation function
can have several forms, but should at least have a logarithmic part due to photon
noise. The easiest way to get an idea of how this function may look like, is to
assume a constant standard deviation of the flux, which yields an equation like

σmag,c = 2.5 log10

(
f + σf
f − σf

)
/2 ≈ 2.5 log10

(
f + σf
f

)
(5.4)

Keeping in mind that the aliasing error is proportional to the flux and not con-
stant, this function is most probably not the perfect fit, but examining fluxes from
different stars, one sees that this relation is at least close to the observed data.
Let the normalized flux be defined as fn = f − fR, where f is the measured flux
and fR the reference flux, defined as the mean flux of all stars in the image. Fur-
thermore, let the zero-normalized flux be fz = fn−fn, with fn denoting the mean
value of fn, then fz can be treated for all stars together in one single diagram.
Notice that fluxes are already corrected for atmospheric extinction and chosen
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from the optimum aperture as deduced in section 5.3.1. Assuming the standard
deviation of fz is constant and independent of the number of stars, using (5.4)
leads to a magnitude dependent standard deviation. As predicted above, this
curve does not fit well to the data and another approach has to be used.
In lieu thereof, the error can be approximated by a flux dependent part, using
the CCD equation (3.9), and a flux independent part, representing aliasing. The
CCD equation can be written as

σccd = k
√
f + x/f, (5.5)

with k = 1.0857 and where

x = npix(1 + npix/nB)(NS +ND +N2
R) (5.6)

denotes all noises of the classical CCD equation. For simplicity it is assumed that
x is constant for constant integration times. A combined error can be written as

σ =
√
σ2CCD + σ2a, (5.7)

where σa = y = const stands primarily for the aliasing error, but can be regarded
as any flux independent error of the magnitude. Similarly, x stands for any error
which behaves in here as if it was Poisson distributed. Combining these two
equations yields

σ =

√
k2

f
+
k2x

f2
+ y2. (5.8)

The best fit between the measured variable σm and the calculated σc is given for
x and y which satisfy

∂2(σc − σm)

∂x∂y
= 0. (5.9)

Solving this equation for the observations from SF1 gives x = 240000 and y =
0.007 as shown in Fig. 5.7. While analytically this is the best fit, it seemed to

Figure 5.7: RMS value of sigma(f) for S/N equation. The bluer the lower the value, with
a cross, marking the minimum.

be governed too much by possible outliers as Fig. 5.9 shows. A more likely fit is
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obtained using x = 130000 and y = 0.007. Although this fit looks reasonable, it
is mainly based on speculation. The value of y = 0.007 seems to be very low, to
be solely caused by aliasing, because previous analysis by Kuschnig [17] deduce
worst case aliasing error values corresponding to y < 0.003 for expected PSFs. On
the other hand, Mochnacki observed an aliasing error of 0.013 mag [23], which is
significantly higher. Although the aliasing error does not depend on magnitude,
it is more severe for brighter stars, since their error due to other means is quite
low, i.e. close to photon noise. Fig. 5.9 compares the analytically best fit with
the same fit, excluding aliasing. It also shows the guessed fit (denoted custom
fit) and the IRAF error estimation. While the analytic fit and the IRAF error
estimate are quite parallel, the aliasing effect lets those two curves slightly diverge
for lower magnitudes. For a total understanding of the differences between those
curves, more measurements have to be taken into account. At a first glance, the
noise estimates given to IRAF for the magnitude error (merr) calculations might
have been too optimistic for this prototype photometer.

5.3.3 From Error Estimation to Photometric Precision

BRITE’s specification permits a photometric error of 1% for magnitudes of B <
3.5. One main goal in this analysis is finding out what photometric precision
can be achieved as a function of magnitudes. This precision is not given by error
magnitudes, but by a standard error of the mean of those magnitude errors, which
can be written as a function of magnitude, given by

SEx = σ(bB)/sqrt(n), (5.10)

where n is the number of exposures and σ(bB) the standard deviation in instru-
mental magnitudes. This equation can be rewritten to solve for the number of
exposures for a given SEx as

n =
(
σ(bB)/SEx

)2
. (5.11)

Substituting σ(bB) for (5.8) yields

n =

(√
k2

f(bB)
+

k2x

f(bB)2
+ y2/SEx

)2

=

(
k2

f(bB)
+

k2x

f(bB)2
+ y2

)
/SE2

x, (5.12)

which can be further extended to include a conversion from standard magnitudes
to recorded flux. In summary, this equation provides an estimate of the number of
exposures which are necessary for achieving a differential photometric error SEx
as a function of the instrumental magnitude bB. For being able to fully predict
the photometric error or precision a relation between instrumental magnitude,
flux, and standard magnitudes has to be found.

5.3.4 Relation between Instrumental Magnitude, Flux, and Stan-
dard Magnitudes

Using spectra of stars and a known wavelength-dependent QE of the photometer
could easily yield an estimated optimum integration time or photometric error.
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Figure 5.8: Standard deviations (errors) of magnitude measurements. The black crosses
are IRAF’s error estimates, based on the photometer parameters, without aliasing. The
other marks denote error estimates based on the actual measurements and include all
degradation effects, also aliasing.

Figure 5.9: Fitted standard deviations of magnitude errors. The functions are fitted to
the errors which were obtained using an optimum aperture. The calculated fit results
from Eqs. (5.8) and (5.9).
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However, complete spectra for stars are seldom available. Also the exact quantum
efficiency of the photometer is unknown. But even worse, this method only works
for absolute photometry. Consequently, one has to find a correlation between
standard magnitudes and the filter magnitude bB (see Fig. 2.5) and moreover a
relation between filter magnitude and flux. This is prone to various error-sources,
since it is an attempt to do absolute photometry for finding parameters to estimate
differential photometric errors with a system which is not intended to be used for
absolute photometry.
Standard magnitudes are commonly given in the UBV or uvby filter system. Many
other systems were introduced in order to fulfill specific needs, but the publicly
available magnitudes for a lot of stars are often limited to these two systems,
sometimes only to BV or just V. The BRITE blue filter’s passband is close to the
B and v filter (as shown in Fig. 2.5), so that these values can be taken as a first
estimate. However the B-filter has a longer tail and the v-filter’s passband is much

Table 5.1: UBV and uvby filter wavelength and half-widths. The centers and FWHM of
UBV and uvby filters are defined in [28], where the half-width values for the UBV filters
are only approximate values.

Filter: U B V u v b y

λ: 365 440 548 350 411 467 547
Half-width: 50 60 110 30 19 18 23

sharper and its center shifted towards blue compared to the bB-filter. Mochnacki
(personal correspondence) estimates that at a first glance, the magnitudes might
be related by

bB = v + a1(u− v) + a2(b− y) = v + a1c1 + a2m1. (5.13)

One difficulty checking magnitude relationships is getting standard magnitudes.
Since they vary depending on the exact characteristic of the filter which was used
to calculate them and also on the instrument, different catalogues might have
different values. Fot this thesis, the NOMAD catalogue was used.
The Energy distribution of stars usually shows a clear jump in between the peaks
of the U and B filter. It is called Balmer jump and provides a measure of the
temperature and electron density [4]. Fortunately this jump is not covered by
either the B- or the bB filter. So as a first approximation, a linear relation between
these two filters is assumed. This relation is plotted for SF1 in Fig. 5.10 and shows
a fairly linear regression. The conversion from B to flux shall represent the total
flux fmax as it would be observed without atmospheric effects. This means that
an aperture has to be chosen which includes all signal electrons. After correcting
it for extinction, it can simply be transformed to magnitudes using bBmax = −2.5 ·
log10(fmax). For the simple linear relationship the following conversion formula
from B to flux in ADU/s is obtained:

fB = 10−0.4(B−17.45)/30 (5.14)

To give a measure of the quality of this relation and the induced error, the flux
calculated in this manner is subtracted from the experimentally deduced one. The
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deviation from the calculated flux has a mean of 4.62% and standard deviation
of 9.31%. These values seem to be pretty high, but again, the system and the
conditions were far from perfect for absolute photometry. Whether this relation
holds, especially with respect to brighter stars has still to be examined. In sum-
mary, an estimate of the flux depending on B is deduced which is then used to
estimate the perfect integration time for different PSF shapes or the number of
integrations for a given photometric precision.

Figure 5.10: Instrumental magnitude bB plotted over standard B magnitude. The zero-
offset of the instrumental magnitude is arbitrary. The solid black line shows a linear
regression as an approximation of the relation between these two.

5.3.5 Photometric Precision

Recalling (5.10), the photometric precision depends on the number of integrations.
The number of integrations within an observation window depend on the integra-
tion time. Let fp,max be the maximum ADU allowed per pixel and ε the flux of
the highest pixel in percent of total flux. Then the integration time depending on
on the flux is defined as

tint = fp,max/(ε · fB). (5.15)

The linear range of the sensor ends at approximately fp,max = 10000 and should
not exceed that value. A previous analysis of different PSFs on the sensor (see
[17]) provides ε. In this case ε = 0.06 is assumed. The deduced best integration
times for some stars of different fluxes are shown together with exemplary PSFs
in Fig. 5.12. Combining Eqs. (5.15) and (5.12) allows to calculate the total
integration time

ttot = tintn+ td(n− 1), (5.16)
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where td is the time in between consecutive integrations. Likewise the photometric
precision can be calculated for a fixed total time given by

SE =

√(
k2

f(bB)
+

k2x

f(bB)2
+ y2

)
/

(
ttot + td
tint + td

)
. (5.17)

This is the master equation for estimating the photometric precision. It includes
flux, integration times, and dead time. Indirectly it does also account for pho-
tometer characteristics like maximum flux per pixel and shape of point spread
functions. As can be seen in Fig. 5.11, within the specified worst case observation
window of t = 15 minutes, a precision of 1 millimagnitude is accomplishable for
stars up to B ≈ 3.5 if there is no dead time in between consequtive integrations.
Here ttot is calculated assuming the PSFs maximum flux per pixel is ε = 0.06 of
the total flux and td = {0, 2, 4}. It should be noted, that this formula is only
valid for a good estimate of ε. At a first glance, larger ε surprisingly raise the
precision. According to the assumption of an aliasing-dominated degradation of
the measurement, larger ε should in principle decrease the precision. However,
this is just the case, because the aliasing estimation y in (5.12) is obtained for a
specific case with an according ε ≈ 0.06.
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Figure 5.11: Total time to reach a precision of 1 millimagnitude as a function of B
magnitudes for different fp,max and td. The horizontal, solid black line indicates BRITE’s
worst case consequtive observation time of 15minutes.

Figure 5.12: Optimum integration time as a function of B magnitude and ε, and charac-
teristic PSFs for some different ε, assuming a maximum flux of 4000 ADU
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Chapter 6

Summary and future prospects

Even though some technical difficulties occured, a plate solution was calculated
and a model established to estimate photometric precisions. In this context, a
best aperture was defined and then an error estimation function established. This
function was gradually expanded to include relations of flux and standard magni-
tudes, integration times and photometer characteristics. Finally this work yielded
a single function for the photometric precision, which is highly custimizable.
For further improving the precision, a simple relation between optimum aperture
and distance to focal center was derived, which could not exceed the precision of
a fixed optimum aperture for the given data. Further studies have to deduce opti-
mum apertures as a function of PSF shape or sensor position in order to decrease
noise. This is crucial since it might increase the precision of the measurements
without changing any hardware.
A relation between the standard magnitude B and instrumental magnitude bB

was deduced. Based on this relation, an equation has been derived to model the
estimated magnitude error as a function of magnitude, highest flux in one pixel,
total integration time, and dead time between measurements. The parameters
in this function could be calculated for different PSFs and sensor positions to
get better error estimations. Furthermore the idea of a global plate solution is
reported, but its advantages have to be discussed in more detail.
Due to reasons such as inoptimal weather conditions and an imperfect observa-
tion site, only one observation run provided usable data. Although the results are
somewhat consistent with the expectations, they are highly uncertain. So does
the paramount’s unwanted true-north pointing offset blur the images and reduce
aliasing, whereas the weird focusing of the photometer increase the aliasing error.
Thus the results should be analyzed with care and not necessarily assumed to
be correct. As soon as the concrete base for the Paramount tracking platform is
made, one might want to take some images of a star-field with a lot of stars of dif-
ferent magnitudes. These results could be used to verify the equations presented
in this thesis. The observations should be done with the engineering model in-
stead of the prototype one, because of the strange focusing behavior and periodic
noise which was observed. A better extraction of the signal might be achieved
by using variable aperture shapes. Taking into account all those effects, future
observations could predict higher achievable precisions, even though the desired
performance seems to be accomplished also with the aforementioned obstacles.
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All functions by the author were written in proprietary Matlab code. One might
want to implement them in PyRAF instead, which is a python IRAF extension.
This would allow all reductions and analysis to be done in one environment. In
contrast, as Matlab might be more powerful than IRAF when dealing with large
data sets, it may be advantageous to implement all necessary IRAF routines in
Matlab.
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Abbreviations

ADU . . . . . . . . . Analog-to-Digital Unit
AGB . . . . . . . . . Asymptotic Giant Branch
QE . . . . . . . . . . Quantum Efficiency
BRITE . . . . . . Bright Target Explorer - Satellite of the UTIAS
CCD . . . . . . . . . Charge Coupled Device - Here used as a photon-detector
CMOS . . . . . . . Complementary Metal-Oxide-Semiconductor
DRF . . . . . . . . . Detector Response Function
FFT . . . . . . . . . Fast Fourier Transform
FOV . . . . . . . . . Field of View
FWHM . . . . . . Full Width Half Maximum
GSC . . . . . . . . . Global Sensor Coordinate System
IRAF . . . . . . . . Image Reduction and Analysis Facility - A collection of Software
mag . . . . . . . . . . magnitude
MOST . . . . . . . Microvariability and Oscillations of STars - Satellite of the UTIAS
NOMAD . . . . . U.S. Naval Observatory Merged Astrometric Dataset
PSF . . . . . . . . . Point Spread Function
PyRAF . . . . . . Python IRAF Extension - Programming Language Interface
RA . . . . . . . . . . Right Ascension
RMS . . . . . . . . . Root Mean Square
S/N . . . . . . . . . . Signal to Noise Ratio
SE . . . . . . . . . . . Standard Error of the mean
SF . . . . . . . . . . . Star Field
SPSF . . . . . . . . Source Point Spread Function
UBV . . . . . . . . . UBV filter system with well defined transmission curves
UTIAS . . . . . . . University of Toronto Institute for Aerospace Studies
uvby . . . . . . . . . uvby filter system with well defined transmission curves
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