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Abstract

Observing stars and satellites in optical wavelengths during the day (optical daytime astronomy) has begun a resurgence of interest. The
recent dramatic dimming event of Betelgeuse has spurred interest in continuous monitoring of the brightest variable stars, even when an
object is only visible during the day due to their proximity to the Sun. In addition, an exponential increase in the number of satellites being
launched into low Earth orbit in recent years has driven an interest in optical daytime astronomy for the detection and monitoring of
satellites in space situational awareness (SSA) networks. In this paper we explore the use of the Huntsman Telescope as an optical daytime
astronomy facility, by conducting an exploratory survey using a pathfinder instrument. We find that an absolute photometric accuracy
between 1 - 10% can be achieved during the day, with a detection limit of V band 4.6 mag at midday in sloan g, and r, wavelengths. In
addition we characterise the daytime sky brightness, colour and observing conditions in order to achieve the most reliable and highest
signal-to-noise observations within the limitations of the bright sky background. We undertake a 7 month survey of the brightness of
Betelgeuse during the day and demonstrate that our results are in agreement with measurements from other observatories. Finally we
present our preliminary results that demonstrate obtaining absolute photometric measurements of the International Space Station during

the day.
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1. INTRODUCTION

For centuries, Astronomers have been captivated by the idea
of observing stars during the day from the ground, in visible
wavelengths. Attempts to do so using nothing but the human
eye date back as far as the fourth century B.C, where Aristotle
postulated that “people in pits and wells sometimes see the
stars" (Aristotle 1942). Ever since, perhaps spurred on by the
numerous recounts of Aristotle’s musings throughout history
(Richard 1992), Astronomers have been reportedly found dis-
appointed at the bottom of chimneys and caverns hoping to
capture a glimpse of a star in broad daylight (Hughes 1983).
These were the first attempts at optical astronomy during the
day.

Interest in the accurate photometry of objects observed during
the day is driven by two applications. Space Situational Aware-
ness (SSA) for the purposes of identification and monitoring
of satellites, and the continuous monitoring of bright variable
ecliptic stars, such as Betelgeuse and Aldebaran.

1.1 Space Situational Awareness

Research into viewing artificial satellites during the day has
been explored in the last few decades, motivated by an increas-
ing need for SSA (Shaddix et al. 2021; Estell, Ma, and Seitzer
2019; Skuljan 2018; Thomas and Cobb 2017; Roggemann
et al. 2010; Rork, Lin, and Yakutis 1982). Distributed facilities
like the Falcon Telescope Network (Chun et al. 2014) are play-
ing an increasingly important role monitoring the sky now
that popular orbits such as Geostationary, and Low Earth Or-
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bits (LEO) have become over crowded (Barentine et al. 2023).
In the next 10 years alone, over 50,000 LEO satellites are planed
for launch (Zimmer, McGraw, and Ackermann 2021) in ad-
dition to the estimated > 1,000,000 1 cm sized debris that
are of risk to LEO satellites (Barentine et al. 2023). The need
for facilities that can constantly monitor the sky came into
the public view in 2009, when two satellites - one an Iridium
communications satellite and one a decommissioned Russian
military satellite - collided and produced a dangerous cloud of
debris travelling and thousands of meters per second in LEO
(Gasparini and Miranda 2010). The event could have been
avoided, if the Iridium satellite had warning from SSA facilities
to manoeuvre out of the collision course.

Traditional observations of objects in LEO are limited to ter-
minator illuminated conditions. This occurs during in early
evening and morning when the observing location is dark,
and the object in LEO is directly illuminated by the Sun (Zim-
mer, Ackermann, and McGraw 2020). In addition, the time
at which a satellite may be overhead at a typical observing
location during terminator illuminated conditions may only
be a few minutes - if at all - and may only be observable every
few weeks from a given location on the Earth (Zimmer, Mc-
Graw, and Ackermann 2021). Earthshine is defined as light
scattered and remitted from the surface of the Earth, and has
been shown to be an important contribution to satellite op-
tical brightness (Fankhauser, Tyson, and Askari 2023). At
~ 0.3-2pum, Earthshine is dominated by reflected sunlight
(Caddy, Spitler, and Ellis 2022) and predominantly bluer in
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colour. In observing conditions where the optical upwards flux
from Earthshine is the strongest, typically in conditions where
there are large cloud systems or regions of ice below a satellite
in LEO, satellites can be illuminated comparably to terminator
illuminated conditions (Zimmer, Ackermann, and McGraw
2020). By taking advantage of daytime passes that are illumi-
nated in the direction of the observer by Earthshine (Zimmer,
Ackermann, and McGraw 2020), the amount of time per day a
typical satellite can theoretically be observed is increased from
~ 11% to ~ 56% (Estell, Ma, and Seitzer 2019). The use of
an optimised “cathemeral" telescope network (active in both
day and night conditions) such as that described in Shaddix
et al. 2021; Shaddix et al. 2019, may see mean improvements
on observable satellite passes of 300 — 400%, to as much as
1000% for some objects as opposed to operating only during
terminator illuminated conditions.

In addition to Zimmer, McGraw, and Ackermann 2021; Shad-
dix et al. 2021; Kamitiski et al. 2021; Zimmer, Ackermann, and
McGraw 2020; Estell, Ma, and Seitzer 2019 who demonstrate
isolated detections in optical and shortwave infrared daytime
satellite observations, there have been some attempts at simply
detecting an object during the day for the purposes of explor-
ing daytime SSA, or even just curiosity. An early attempt by
Curtis 1911 reports to have observed the brightest stars by eye,
by calculating their expected position with relation to architec-
tural landmarks. Grishin, Melkov, and Milovidov 2003 reports
observations of 8.9 mag stars using an IR camera during the
day. Garanin et al. 2017 reports detecting V band 7th and 8th
magnitude stars using a 7.9 inch f/10 telescope and a video cam-
era for the purposes of SSA but made no attempt at photometry.
Using a 12.5 inch /7 telescope for SSA Zimmer, Ackermann,
and McGraw 2020; Zimmer, McGraw, and Ackermann 2021
report the detection of 7th magnitude stars. In addition, there
has also been work towards improving daytime sky brightness
models in order to create accurate exposure time calculators
for SSA (Thomas and Cobb 2017; Roggemann et al. 2010).
Some work has also been done to explore the possibility of
observing geostationary satellites during more favorable times
of the day where the sky brightness is fainter. Cognion 2013
undertook a survey of geostationary satellites at large phase
angles at night in order to produce empirical models of target
brightness for the purpose of observing these targets in early
morning and late afternoon. Figure 1 summarises the rough
detection limit that observations in the literature have achieved.
These estimates are plotted as a function of the telescope aper-
ture, which is the most reliably referenced characteristic of
the observational set up. The detection limit is an important
parameter that impacts the productivity of a cathemeral tele-
scope as it sets the limit on the number of SSA targets that can
be monitored during the day (Zimmer, McGraw, and Acker-
mann 2021). Shaddix et al. 2021 reports the faintest daytime
detection limits of roughly 11th magnitude using the Aquila
telescope at SWIR wavelengths.

In addition to detecting and tracking satellites, photometric
observations are a useful tool that is currently being explored
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and developed for SSA applications (Pearce et al. 2019; Skul-
jan 2018; Schmitt and Vrba 2016; Frith et al. 2015; Cognion
2013; Scott and Wallace 2009; Moore 1959). Accurate multi-
wavelength colour observations can provide constraints of the
composition of a satellite or debris and aid in its identification,
as well as the composition of different components of a sin-
gle satellite. In the work of Schmitt and Vrba 2016 colour
differences are found to be as great as V' —I ~ 1.2 mag and
B-V ~ 0.75 mag and are split into two distinct groupings
separated in a V' — I verses B— I diagram by 0.2 mag. This
distinct difference in colour could be explained by the use of
gold verses kapton, and indicates the satellites made of different
material have different spectral signatures that can be used to
identify them. The brightness of a satellite as a function of
phase angle can also be used to identify one satellite bus from
another in cluster type configurations in GEO. The work of
Scott and Wallace 2009 has led to a method of determining
miss-classification of objects in NORAD catalogs. In addition,
some evidence has arisen of the reddening of satellites with
age due to space weathering (Pearce et al. 2019). Monitoring
of this reddening effect may be useful as a tool to assess the
age and condition of a satellite in orbit.

There is a clear need for dedicated cathemeral telescope net-
works that have the capability of detecting and tracking satel-
lites during the day and night. Despite this need, only a handful
of facilities around the world have begun testing operations
as SSA facilities during the day and no facilities that the au-
thors are aware of operating in Australia (although some have
been proposed (Shaddix et al. 2021)) - which is a key strate-
gic location for SSA (Vignelles 2021). Of the facilities that
have demonstrated isolated cases of successful daylight satel-
lite detection in the optical and shortwave infrared, none of
these facilities operate autonomously for the purposes of de-
tecting, tracking and identifying satellites during the day. In
addition, there have been no accurate photometric observa-
tions of satellites conducted during the day. This presents an
ideal opportunity to fulfill this need and utilise the Huntsman
Telescope as a cathemeral telescope facility.

1.2 Variable Star Monitoring

In addition to these practical applications, optical daytime as-
tronomy is also of increasing interest due to recent activity
of the red supergiant star Betelgeuse. Regular photometric
observations of Betelgeuse in the optical are recorded by or-
ganisations such as the American Association of Variable Star
Observers (AAVSO). However for a period of about 4 months
every year the star is located too close to the Sun and not ob-
servable at night, resulting in a significant annual gap in the
light curve (Nickel and Calderwood 2021). The star is consid-
ered a semi-regular variable, but from November 2019 to April
2020 Betelgeuse was observed to experience a large and rapid
dim in brightness from V band ~ 0.5 to a historic minimum
of 1.614 £ 0.008 (A. K. Dupree et al. 2022; Kravchenko et
al. 2021; Montarges et al. 2021; Montarges et al. 2020; Guinan,
Wasatonic, and Calderwood 2019). The dimming event has
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Figure 1. A sample of detection limits for visual (green), red (red), and short wave infrared (SWIR) (purple) presented in the literature for daytime observations
of stars. The data included is from the works of Curtis 1911; Engels et al. 1981; Rork, Lin, and Yakutis 1982; Grishin, Melkov, and Milovidov 2003; Garanin
et al. 2017; Kaminski et al. 2021; Shaddix et al. 2021; Zimmer, McGraw, and Ackermann 2021 and this work. Only works that explicitly mention a detection
limit are included. Due to the lack of public information surrounding some of the hardware used in daytime observing by various research groups, a reliably
reported parameter of telescope aperture is plotted against the detection limit. It should be noted that each of these instruments likely have very different
focal lengths and other characteristics, as well as different data reduction methods that may bias results. Three shaded regions in visual magnitudes are
also presented, showing rough predicted and observed magnitude lower margins during the day. The brightest stars and planets are visible to most optical
systems including the eye (Curtis 1911) during the day, and are around ~ 0rh magnitude. The International Space Station has been observed to have a visual
magnitude during the day of ~ 2nd magnitude at zenith (this work). Starlink satellites have been observed in the day up to 3.0 mag (Halferty et al. 2022) at
night, and up to 2.6 mag during the day (Zimmer, McGraw, and Ackermann 2021). Following the work of Kamiriski et al. 2021, most other LEO satellites have a

visual magnitude fainter than 8th magnitude.

been attributed to surface mass ejection as well as changes in
the temperature of the photosphere (A. K. Dupree et al. 2022;
Kravchenko et al. 2021; Montarges et al. 2021). Continued
regular observations have since confirmed the disappearance of
the ~ 400 day pulsation period in the optical and radial veloc-
ity (A. K. Dupree et al. 2022). Betelgeuse presents an excellent
opportunity to observe a star up close in its final phases of life.
The physics behind Betelgeuse’s photometric variability and
mass loss is still poorly understood (Kravchenko et al. 2021;
Montarggs et al. 2021), and optical daytime facilities offer an
opportunity to continue to monitor stars like Betelgeuse unin-
terrupted, year round.

There have been several attempts to perform accurate optical
daytime photometry for the purpose of bright star monitor-
ing. Engels et al. 1981 reports a photometric error of 0.03
mag using a photometer on the 1-meter telescope and ESO
- La Silla. Miles 2007 reports a photometric error of V band
+0.03 mag observing Betelgeuse using a 60mm refactor, and
a Starlight-Xpress CCD. To avoid saturation due to the longer
exposure time limit of the CCD, a 1% neutral density filter is
used in combination with a green V band filter. Following the
dimming event of Betelgeuse, Nickel and Calderwood 2021
performed optical daytime photometry from the ground to
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capture a continuous light curve during the months the star
was only accessible during the day. A 7.9 inch f5 Newtonian
telescope was used in a backyard in Mainz, Germany with an
astrophotography CCD camera. A 1% neutral density filter
was also added in later iterations. Extinction parameters were
calculated daily using bright reference stars, and found that ex-
tinction strength was correlated with haze content in the sky.
The set up achieved a photometric accuracy for Betelgeuse
of V band 0.02 + 0.008 mag to 0.04 + 0.013 mag depending
on the sun separation distance (Nickel and Calderwood 2021).
Their absolute magnitude measurements are in agreement
with observations made from space using the STEREO Solar
telescope (A. Dupree et al. 2020). These results demonstrated
the possibility of achieving ~ 1% photometry during the day
to monitor variable bright stars that are inaccessible to tradi-
tional ground based optical observatories for periods of time
each year.

1.3 The Huntsman Telescope

In this work, we explore the capabilities of The Huntsman
Telescope to observe objects during the day. The Huntsman
Telescope (Spitler et al. 2019; see Figure 2A) is a <0.5 m class
research facility located at Siding Spring Observatory, Aus-
tralia on Gamilarray, Wiradjuri and Wayilwan country. The
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telescope consists of 10 Canon 400 mm {/2.8 lenses in an array
configured to cover the same field of view of 1.89° x 1.26°
with a pixel scale of 1.24"". The telescope builds on the design
of the Dragonfly Telephoto Array (Abraham and Dokkum
2014) as inspiration, with the primary research goals being low
surface brightness imaging and supporting optical transient
discovery for the Deeper Wider Faster program (Andreoni
and Cooke 2017).

The Huntsman telescope facility addresses many of the chal-
lenges experienced with optical daytime astronomy. Ulti-
mately, the sensitivity and productivity of an optical daytime
facility is dependant on the field of view, and the sky back-
ground intensity per pixel. Fast telescopes with high étendu
are optimal for this observing mode. At f2.8, Huntsman’s large
field of view is ideal for SSA observations to ensure a target is
within an image given an uncertain position. Following an
upgrade in 2020, the telescope is equipped with ZWO-brand,
ASI183MM Pro cameras that use CMOS sensor technology.
These sensors are capable of down to 32 microsecond duration
exposures and high frame rates of up to 271 fps in windowed
read out modes. At this high frame rate for bright star mon-
itoring, we expect the instrument to be capable of sampling
the speckled Airy disk due to scintillation, with each speckle
remaining diffraction limited. The capability of the instru-
ment to take photometric data in up to 5 different bandpasses
simultaneously in its current configuration is useful for the
potential to monitor colour information of tumbling, mov-
ing SSA targets where simultaneous multi-wavelength data
are required. The multi-lens design may also aid in reduc-
ing false positive detections. Each lens, focuser, filterwheel
and camera unit is controlled by a dedicated edge computing
unit, the Jetson Xavier, with capability of onboard real time
processing. This will enable the telescope to manage large
data streams while operating at high frame rates - a known
problem for SSA facilities operating under similar conditions
(Zimmer, McGraw, and Ackermann 2021; Shaddix et al. 2019).
The telescope is able to be left for weeks at a time with pre-
programmed scheduling, equipped with a dedicated weather
station and robotic dome control.

In this work we describe a Huntsman Telescope pathfinder
instrument located at Macquarie University observatory (see
Figure 2B) that is used to explore the capability to produce pho-
tometric observations taken during the day using the Hunts-
man Telescope. We present our methods of data reduction,
some of the challenges of observing during the day, and iden-
tify the limitations of the system under different environmental
conditions. We present the total photometric accuracy of the
system operating during the day following an initial 7 month
survey, and describe our planned future work and ongoing
daytime observations of bright ecliptic variable stars. We ex-
plore the photometric accuracy of observing during the day
utilising bright stars, for the purposes of applying these tech-
niques to bright star monitoring. In addition we demonstrate
this use case using the variable star Betelgeuse. Finally we
share preliminary results of photometry of the International
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Space Station (ISS) during the day. While photometry of a
large sample of satellites is out of the scope of this work, we
utilise the results of these first tests to explore the feasibility of
upgrading Huntsman to perform such observations.

2. Observations

Optical astronomy performed during the day is a largely un-
documented field of observational astronomy. As a result, the
observing techniques needed to acquire reliable photometric
data were developed over a year long period through a process
of trial and error. Initial observation were conducted with
the Huntsman Telescope in April of 2021, but were not rigor-
ously tested until the later half of 2022 when deployed on the
Huntsman Telescope pathfinder. Finally in February of 2023
a formal survey of bright stars was undertaken to determine
the photometric accuracy of an optical daytime facility. In
addition, observations of fainter stars down to V band ~ 6
mag were also conducted to test observation limits. Here we
describe the survey and tests undertaken to characterise the
performance of the hardware, refine the observing techniques,
develop the data reduction pipeline and determine the absolute
photometric accuracy of the system during the day.

2.1 Hardware and Setup

Daytime astronomy is a new, experimental observing mode
for the Huntsman Telescope. The telescope’s remote location
poses complications for the rapid deployment of experimen-
tal observing techniques and so order to efficiently iterate on
survey design and reduce any risk in damaging the Huntsman
Telescope facility, this work is performed at a local controlled
environment. We use a pathfinder instrument in the form of a
single, identical Huntsman lens unit at the Macquarie Univer-
sity Observatory in Sydney, Australia.

The Huntsman Telescope pathfinder, (mini-Huntsman herein)
consists of one Canon 400mm f2.8L lens, a ZWO ASI18300MM
Pro camera, and an astromechanics focuser (see Figure 2B).
Mini-Huntsman is mounted on a Software Bisque ME2 mount
with a ZWO filter wheel with Sloan ¢', and r' broadband fil-
ters, as well as SII and Hoe narrow band filters. Observations
are conducted with the narrow band filters, but are not used
in photometric observations and will be the subject of future
investigations. The telescope is covered in a weatherproof
thermal blanket for storage, and is not located in a dome. For
these tests, no sun shields are used apart from the baffle that
is supplied with the lens. No guide scope and camera are
used in these tests. The telescope is operated manually via
TheSkyX desktop interface, and ZWO software ASICap is
used to take data. Throughout these tests the camera is cooled
to 0°C £+ 0.5°C.

2.2 Description of the Survey

The first observations were conducted throughout March 2023
at the Macquarie University Observatory site. Observations
are made for 35 different stars of varying colour and mag-
nitude, and spanning different times of the day and varying
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Figure 2. A) The Huntsman Telescope remote observing facility located at Siding Spring Observatory, Australia. The telescope consists of 10 Canon 400 mm
f/2.8 lenses in an array configured to cover the same field of view of 1.89° x 1.26° with a pixel scale of 1.24”. B) The pathfinder instrument used to test daytime
observing modes for this work consisting of a single lens. The unit is located at Macquarie University Observatory, Sydney, Australia

environmental conditions. Stars that are bright for reliable
high SNR measurements that are used as reference stars for
differential photometry during the day are also often variable
stars themselves, and so we limit photometric reference stars
to targets that do not vary significantly. Daytime temperature
estimates and sky conditions are recorded daily using Mac-
quarie Observatory’s weather mast. For the first part of the
day, the telescope is subjected to direct sunlight. From mid
afternoon onward (depending on the time of year) the tele-
scope is shaded by nearby trees. This exposure to the elements
causes the instrument to undergo large temperature variations.
Due to the large temperature fluctuations during the day, the
instrument is refocused for every target. As more temperature
data is collected, this may form the basis for a focus offset algo-
rithm, if offsets are found to be consistent with temperature in
a future work.

Exposure times are set manually to ensure there is no saturation
of the target, or of the sky background. Figure 3 illustrates
the exposure time used for each target as a function of the
detected sky background rate, for all filters used in the work.
The colour bar shows the catalog V band magnitude of the
target. Observations to the right of the plot are more likely
to be limited in exposure time by the saturation of the sky
background depending on the sky brightness and filter used.
Observations to the left of the plot are more likely to be limited
by the saturation of the target. The narrowband filters occupy
the cluster to lower right hand side of the plot as their narrow
bandwidth as opposed to the broad band filters allow for a
higher exposure time, while broadband observations occupy
the upper right cluster. As a general rule, the exposure time is
tuned on a per exposure set bases to ensure that the exposure
time is as high as possible without saturation.

Scintillation noise due to the Earths turbulent atmosphere at
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high altitudes, is a dominant source of noise during the day.
For short exposures where the exposure time approximates
the atmospheric coherence time, the scintillation regime that
is probed is 'short’ in which the intensity speckles from the
target star appear frozen, and no temporal averaging occurs
(Osborn etal. 2015). For mini-Huntsman with a small aperture
of 140mm, the change between long and short scintillation
regimes is a few hundredths to a few tenths of a second (Os-
born et al. 2015). As illustrated in Figure 3, broad band filters
probe this short regime from exposure times of 1074 =102
seconds. Narrow band exposures however, at exposure times
of 1072 = 10° seconds, intensity speckles begin to temporally
average. To take advantage of the short scintillation regime in
broadband filters, a relatively small Full Width Half Maximum
(FWHM) for the photutils Gaussian kernel of 3 pixels is
used to convolve the images before source detection, favour-
ing small scale structure in short broadband exposures. We
do not consider the process of lucky imaging in this work,
where by only serendipitous moments of high image quality
are selected to be analysed or stacked. This allows us to sample
a broad parameter space of observing conditions in order to
determine the best practices in this exploratory work, however,
will be considered in future refined work.

The telescope is focused both using multiple iterations of
TheSkyX auto focus procedure at the start of the observing
session for each filter, and then manually adjusted for every
target as the ambient temperature varies throughout the day,
and filter offsets are calculated. Care is taken to ensure the
target is close to the centre of the field of view. The CMOS
detector is read out using a central sub-array of 320 x 240
pixels centered on the target to ensure the highest frame rates
can be achieved, typically > 100 fps for broad band exposures,
and is limited by the data rates of USB3. The gain is set to
0 to maximise the pixel well depth for every exposure such
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Figure 3. The observed sky background rate plotted as a function of the
exposure time for all filters and targets. The colour bar illustrates the catalog
Vband magnitude of the target observed. On the far right, for higher exposure
times the image becomes saturated due to the high sky background. To the
far left observations are limited by the photon count from the source. Two
clear clusters are formed. The lower right are the narrowband filters with
much higher exposure times due to their narrow bandwidth, and the upper
left are the broad band observations. Exposure times are tuned per every
set of observations to ensure that either the image if not over saturated by
the target, or by the sky background.

that for the ZWO ASI183MM Pro, 1 ADU ~ 3.88¢. We
do not change the gain value for the duration of this entire
work, and use of higher gain values may be explored in a fu-
ture work. For every target and every filter, 1000 consecutive
images are taken. Data were taken during brief periods of
high cloud or haze as well as particularly low target altitudes,
and observations during high winds. These data are labeled
and used to aid in determining data quality metrics for the
data reduction pipeline in future works. In addition, fainter
stars of a variety colours and magnitudes were also targeted to
determine the limiting magnitude of the system under differ-
ent environmental conditions. Following the first exploratory
observations, the telescope was mounted permanently to the
pier, and a refined survey was conducted from April - August
2023 using the results of the first. A new pointing model was
created to ensure the target is centered for every exposure. We
attempt to take data only on days when the sky is absolutely
clear, and there is little wind to ensure mechanically stable
observing conditions, however this was not possible for some
dates during the Winter period of June - August which were
plagued by poor weather conditions. Only bright stars < 3rd
magnitude V band are used in order to derive the photomet-
ric zeropoint, extinction coefficient, colour terms, as well as
statistical and photometric uncertainties for the system.

In addition to the primary goals of this work, we also carry out
continuous observations of Betelgeuse, along with several ref-
erence stars. These observations are conducted approximately
2 — 3 times per month throughout the year. Observations are
taken in r', and ¢', with an aim of 3+ pointings per day. This
ensures that the extinction coefficient can be monitored from
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day to day, which was demonstrated to be a critical aspect of
optical daytime photometry in the work of Nickel and Calder-
wood 2021. The collected data is presented and compared with
AAVSO observations to demonstrate the system’s potential as
an optical daytime facility.

Finally, we explore the initial capabilities of the mount to
target and track artificial satellites for SSA. The satellite track-
ing feature of TheSKyX is used for these tests, with ephemeris
sourced from Celestrak. The ¢' filter is used for these initial
tests to maximise the SNR of the satellite, following the re-
sults of Zimmer, Ackermann, and McGraw 2020; Zimmer,
McGraw, and Ackermann 2021. For these initial tests, the
International Space Station (ISS) is tracked and imaged during
the day, and a ¢' calibrated light curve is computed for the pass.
Detection and tracking of other satellite targets is out of the
scope of this work, and is the subject of ongoing tests.

2.3 Data Reduction Pipeline

The data reduction pipeline for this work makes use of photutils
for source detection and aperture photometry. Gaussian fitting
is performed using Source Extractor. A new algorithm
was created that checks for the presence of a single source
in the data iteratively, starting from 6x the standard devia-
tion of the sky background to 1 in units of 0.5. Should the
algorithm detect multiple sources for a single threshold value,
the exposure is rejected. This is required because of the large
number of false positive detections originating from terrestrial
objects, which have been dubbed ‘angels’ for their intermittent
appearance (Rork, Lin, and Yakutis 1982). These objects are
reported to vary in height from 30m to 2km and may include
seed packets, insects, or ice crystals. The probability of an
angel being present in an image increases as the sun separation
distance is reduced. After the set of 1000 consecutive images
is processed for single sources, the algorithm determines the
detected source centroid and the median location of the target
across the 1000 images. If any single source is located more
than 5 standard deviations in x or y from this median, it is
rejected. The FWHM is calculated using two methods. This
is done due to the large range of distorted PSF shapes, par-
ticularly during periods of high scintillation or poor seeing,
and for fainter targets. Each are compared to determine their
accuracy and reliability. One method estimates the FWHM
using the Source Extractor Gaussian fita and b parameters:

FWHM = 24/(In(2) x (a2 + b?))

In addition, we calculate the FWHM by flattening a 20 x 20
postage stamp of the target in both axes and fitting a 2D Gaus-
sian using Scipy to ensure the PSF wings are properly sampled.
The final FWHM is then the average of the two axes. We find
that this method is more reliable and accurate than Source
Extractor, which tends to over estimate the PSE FWHM for
daytime sources, and so is not used in this work.

The increased atmospheric turbulence during the day causes
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the PSF FWHM to vary significantly. For this reason an aper-
ture size for photometry was selected so that large enough that
the probability of losing flux is low. While this will decrease
the SNR, it also removes the need for individual aperture cor-
rections for every exposure. For all photometry, we adopt an
aperture radius that meets this criteria: the radius in which the
derivative of the target aperture flux (background subtracted)
as a function of aperture radius approaches the increase in noise
for the n + 1 aperture radius where # is in units of pixels. We
find that the aperture radius that satisfies this criteria is ~ 11
pixels. This aperture size is used for the reduction of all data in
this work. This ensures we minimise the flux lost in the wings
of observations that are heavily impacted by scintillation, and
removes the need for aperture corrections. In future works, a
SNR-optimised algorithm will be developed to determine the
best aperture size as a function of the seeing conditions and
perform aperture corrections where needed. Each set of 1000
consecutive exposures is given a unique hexadecimal ID, and
each exposure is given a unique number in addition to the hex-
adecimal set ID so they can be easily tracked. The sky rate is
calculated as the median sky background in an annulus around
the source in ADU/pix/s. The total flux from the source is
then calculated as the sum of the background subtracted flux
in an aperture in ¢ /s. The final instrumental magnitude is

then:
2 )it )

minst = =2.5logy (}\7
f}\f TP x QE

Where A, —A; is the bandwidth of the filter, TP is the through-
put of the filter, QE is the quantum efficiency of the detector, ¢
is the exposure time in seconds, and f, is the sum of background
subtracted flux in ¢~ in an aperture of radius R. Catalog r' and
¢' magnitudes used to calibrate mini-Huntsman sources satu-
rate at ~ 14 mag (The Sloan Digital Sky Survey 2000) in the
Sloan Digital Sky Survey and ~ 13 mag in the SkyMapper
Southern Sky Survey, so in order to compare mini-Huntsman
magnitudes of bright stars accessible during the day we use
transformation equations from Johnson-Cousins U, B and V
to Sloan ¢' and r' presented in Jester et al. 2005. For stars that
satisfy U—-B < 0:

¢'=V+0.64x (B-V)=-0.13 £0.01

r'=V-0.46 x (B-V)+0.11 £ 0.03
And for stars where U — B > 0:

¢'=V+0.60x (B-V)-0.12+0.03

r=V =042 % (B=V)+0.11 4+ 0.03

Johnson-Cousins U, B and V are retrieved from the Simbad
database using the astropy astroquery method.

Mini-Huntsman photometric data has been calibrated to the
Sloan photometric system using the following system of pho-
tometric zeropoint equations:

0=r'yyy—1r"—-2ZPp—-Cp Qg' - r') — krv (X)

https://doi.org/10.1017/pasa.2024.43 Published online by Cambridge University Press

0= g'im‘t _g’ _Zpg' - Cg'(g' - 1") - kg‘(X)

Where r'j,y and ¢'y are the instrument magnitudes in units of
¢ /s, for an aperture of radius R, after correcting for the mea-
sured throughput and QE. r' and ¢' are the catalog magnitude
for the target star, ZP, and ZPy are the system zeropoints,
C, and Cy are colour indices, k, and k, are the atmospheric
extinction coefficients, and X is the airmass at the time of the
measurement. The two equations can be solved through a least
squares approach to determine the coefhicients. The colour
indices are determined using data for a single day with the
largest sample of stars with varying colours and magnitudes.
The extinction parameter and zeropoint is calculated daily to
accommodate for varying atmospheric conditions. We test the
photometric calibration using two methods. Firstly, a least
squares approach is implemented using Scipy. In addition,
to identify any possible degeneracy within the fit a Markov
Chain Monte Carlo (MCMC) approach is also implemented
using PyMC3. In this method, the model is trained 10 times,
where the uniform priors for each parameter are updated with
the median of the n— 1 fit. The initial guess for each prior is
0. For all models, the PyMC3 and Scipy methods produce the
same final results for parameter estimation, with the difference
being the sacrifice of speed (Scipy), for parameter space vi-
sualisation (PyMC3). Following these results we use the Scipy
method throughout this work in favour of computation time.

3. Results

As we explore the capabilities of the Huntsman Telescope to
provide accurate photometry of bright targets during the day,
we aim to answer three questions. 1) What is the absolute,
reliable photometric accuracy achievable during the day? 2)
What factors influence daytime photometric accuracy? And
3) what impacts the Huntsman Telescope’s productivity as
an observatory operating during the day. Finally we present
our light curve of the test target Betelgeuse over a period of 7
months, and preliminary work to detect satellite passes during

the day.

3.1 Photometric Accuracy of Observations

We present the photometric accuracy achieved for our prelim-
inary observations of various standard stars over the course of
our exploratory work with the Huntsman Telescope Pathfinder.
The total photometric error is calculated for days where the
observing logs do not mention significant impact due to cloud
cover and bushfire smoke, which impacted 3 of the days in
which observations took place.

A significant source of error in our preliminary results was
due an inability to calibrate our images with flat fielding data.
Due to a software fault, the centroid of the windowed sub-
array (320 x 240 pixels of 5496 x 3672) was not captured in
observations. In addition, a relatively poor pointing model
resulted in stars moving in the FOV from pointing to pointing.
Due to these issues, the images could not be corrected pixel-
to-pixel sensitivity variations with flat field data as a result
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Figure 4. An example airmass plot for the 31st of March 2023, showing the calculated magnitude as a function of airmass for 5 bright reference stars. Observing
logs show a clear day, no wind, with tops of 25°C (77°F). Each data point is the median of a set of 1000 exposures for that reference star. The extinction
coefficient for this day is found to be 0.27 for r' and 0.54 for ¢' with zeropoints of 21.65 and 22.73 respectively. The error bars encapsulate the statistical error of
the set of 1000 observations, and the flat field error in quadrature. The Chi squared values for the linear fit are calculated to illustrate the fit, with a higher Chi
squared of 0.93 for ' as opposed to ¢'. Scatter about an airmass of 1 may be due to dust in the air produced by lawn mowing that observing logs showed to

occur close to the observatory at the time of observations.

of the software fault. The Canon lenses introduce a radially-
symmetric vignetting pattern such that the outer regions of
the full image frame have 27% less light compared to the cen-
tre due to optical vignetting. To quantitatively estimate the
impact of this issue on typical data, a mean radial profile of a
full-frame normalised r' band flat is produced and applied to
a typical Betelgeuse image. We find that the flat field error
due to the mini-Huntsman vignetting pattern introduces a
maximum possible error of ~ 0.2mag for targets on the ex-
treme outer edge of the image, compared to the central pixel.
For targets within < 1000 pixels of the central pixel (the most
plausible error) this is reduced to ~ 0.05 mag. It should also
be noted that the number of observed stars vary significantly
from day to day. The factors that influenced the number of
stars observed were available time and the weather. Patchy
cloud and frequent late afternoon dense cloud cover impacted
the number of stars observed. Days vary between 20+ targets
utilised for determining performance limits, to 3-5 specifically
for differential photometry. On some days, only the star of
interest, Betelgeuse, could be observed with no calibration
stars. For these days, the average sky extinction coefhicient for
the entire observing run is used to calibrate the data.

To account for differences between the mini-Huntsman Sloan
filters, and the calculated Sloan catalog magnitudes, the colour
indices are calculated using data from the 8th of March 2023
which contains the largest sample of stars of varying colours
of 24 target stars, varying from a B-V colour of -0.23 to 1.84.
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Following the results of Nickel and Calderwood 2021 we re-
calculate the zeropoint, extinction coeflicient for every day of
observations. Sydney is a large city, with approximately 5.3
million people located on the coast in a geographical basin.
Aerosols from city pollution and changes in humidity and
air density are frequent and persistent, which motivates us
to perform daily calculations of the extinction coefhicient fol-
lowing the results of Nickel and Calderwood 2021. We find
that the median extinction coefhicient for k, = 0.22 4+ 0.12
and kgv =0.30 £ 0.19. This is similar to the results of Nickel
and Calderwood 2021 who finds extinction values for V band
observations of reference stars to be ky = 0.25 4 0.08 to
ky = 0.30 + 0.07 for the months of February to April and
May to July respectively. The higher standard deviation in
our calculated extinction coeficient, may reflect more variable
atmospheric conditions than observed by Nickel and Calder-
wood 2021 in central Europe. This is consistent with our
observing site in Sydney being located close to the coast, at a
lower altitude of 61m as opposed to 200m. Similarly to Nickel
and Calderwood 2021°s results, we don’t find a correlation
between photometric error and the calculated extinction coef-
ficient per day.

Figure 4 illustrates an example of a typical day of observa-
tions on the 31st of March 2023, including 5 bright reference
stars for photometric calibration of Betelgeuse observations.
Each data point is calculated as the median of a set of 1000
exposures, with errorbars calculated as the estimated flat field
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Figure 5. An example calibration plot for the 10th of March, showing the calibrate mini-Huntsman magnitude as a function of calculate Sloan catalog magnitude
for 5 bright reference stars. Observing logs show a very windy day, passing cloud, with tops of 28°C (82.4°F). A violin plot is chosen to illustrate the distribution
of calibrated magnitudes over multiple sets of 1000 exposures for each target. The photometric error for this day is found to be 0.05 for r' and 0.06 for ¢', around

the order of magnitude of the flat field error.

error of 0.05 mag, and statistical error in quadrature. The Chi
squared value shows a good fit, with 0.93 for r' and 0.88 for ¢'.
We note that scatter about an airmass of 1 corresponds to the
same time at which lawn mowing was reported close to the ob-
servatory, picking up dust in the sky which could be a source
of deviations from the linear trend that cannot be explained
by the error bars in ¢'. The extinction coefficient for this day
is found to be 0.27 for r' and 0.54 for ¢' with zeropoints of
21.65 and 22.73 respectively. Scatter about an airmass of 1 par-
ticularly in ¢' may also explain a higher extinction coefhicient
than is calculated for the median over the several month period.

To quantify uncertainties in due to zeropoint calibration, we
calculate the standard deviation of the difference in flux be-
tween the calibrated mini-Huntsman magnitudes and the cat-
alog Sloan magnitudes for each day of observations. We also
observe a similar magnitude limit for photometric calibration
stars as Nickel and Calderwood 2021 of V band 3 mag. Fig-
ure 5 illustrates the final fit for 5 bright reference stars on an
typical example day, the 10th of March 2023. Calibrated mini-
Huntsman magnitudes are shown to be in agreement with
catalog Sloan magnitudes, with a standard deviation of 0.05
mag in r' and 0.06 mag in ¢'. Violin plots show the distribution
of data across multiple sets of 1000 exposures throughout the
day, and the central data point is the median of this distribution.

Across all days, the error is found to be a median of 0.05 +0.03
in r' and 0.07 & 0.06 in ¢'. These errors are comparable to
the 0.05 maximum predicted error due to the flat field uncer-
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tainty, and are also comparable but higher than the V band
error found by Nickel and Calderwood 2021 of 0.02 + 0.01
mag (February-April) and 0.04 & 0.01 mag (May-July). This
higher error, and high standard deviation in the error across
multiple days likely reflects our flat field error, the sporadic
number of observed stars, as well as varied star colours and
magnitudes in our preliminary observations as opposed to the
consistent survey conducted by Nickel and Calderwood 2021.
We also note that Nickel and Calderwood 2021 prioritises the
photometric accuracy of Betelgeuse observations by observ-
ing at optimal daytime conditions (lowest Sun altitudes) and
during afternoon/twilight to prioritise photometric accuracy
of Betelgeuse observations. In comparison, we have deliber-
ately sampled a wide range of daytime observing conditions
to understand the typical upper limit on photometric errors
from data utilising the entire day.

Errors due to transformation between photometric systems,
zeropoint errors arising from number and variety of target
stars as well as sampling different airmasses, and calibration
uncertainties like the flat field error have been identified so
far. Many of these factors may be improved upon in future
work to mitigate the impact to the total photometric accuracy.
Parameters that impact the atmospheric scintillation at high
altitudes, local seeing conditions, Poisson noise, and factors in-
fluencing the overall SNR of observations are now considered
in the context of daytime observations.


https://doi.org/10.1017/pasa.2024.43

3.2 Poisson and Scintillation Noise

Atmospheric scintillation noise originating in the upper atmo-
sphere and Poisson noise from discrete photon measurements
are two important sources of noise that contribute to the over-
all photometric error of daytime observations. Following the
method of (Nickel and Calderwood 2021), we estimate the
median Poisson noise SNR (SNR),) for each set of observations
during the same epoch where the sky background is much
brighter than the read noise and dark current:

froxi
[(frs > 1) + (pygey x £ % yix)]1/2

SNR, =

Where f is the source rate, py,, is the sky rate, n,y is the

sky
number of pixels in the source aperture, and ¢ is the exposure
time. The scintillation SNR (SNR,) for a set of observations

during the same epoch can be expressed as:

MED(f; x 1)

o(frs X 1)

Where MED(f+) is the median of the total source counts for
the target in an aperture in units of ¢~ and o(f,«) is the standard
deviation of total source counts if there was no other source
of noise present (Nickel and Calderwood 2021). Because the
contribution of scintillation noise and Poisson noise cannot be
separated from observations, we use the normalised scintillation
index oy defined as:

SNR;, =

1

0‘ [
7 SNR,,

We take the total SNR of the observations to be the median
SNR,, of a set of observations. We also define another parame-
ter, the detection probability, as the percentage of attempted
detections to successfully detected sources. This parameter will
be a function of the algorithm and source detection parameters
used, as well as the environmental conditions on the day of
observation.

By inspection of calculated Pearson’s correlation coeflicients,
we find the scintillation index for exposures taken at the opti-
mal exposure time for each target and sky brightness is strongly
correlated solely with the airmass of observations with a cor-
relation coefficient of 0.64. In comparison, examined envi-
ronmental parameters of Sun altitude, Sun separation, and sky
background intensity have correlation coefhcients of -0.07,
-0.06 and 0.19 respectively. The theoretical scintillation is
calculated using a basic Young’s approximation given by:

0% = 10 x 10D cosy) > exp(=2h,y,/H)

Where D is the diameter of the telescope in meters, t is the
exposure time, /1, is the height of the observatory in meters
(64m for Macquarie Observatory), v is the zenith distance
of the target observation, and H is the scale height of the
atmosphere, generally considered to by 8000m (Osborn et
al. 2015). In Figure 6 we plot the measured scintillation index
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Figure 6. The scintillation index for ¢' and r' observations as a function of
airmass, plotted together with the calculated theoretical scintillation index
using Young’s approximation for the median exposure time for each filter.
We find that the r' observations are in general agreement with Young’s ap-
proximation, however Young appears to overestimate the scintillation for
shorter ¢' exposures. However, this could also be due to a bias where by
faster exposures times with lower SNR and higher sky Poisson noise in ¢' are
less likely to be detected reliably.

as a function of airmass for ¢' and r', as well as the calculated
scintillation index for the median exposure time used for ¢'
and r' of 0.001s and 0.002s respectively. We find excellent
agreement with Young’s approximation at these wavelength
and exposure times for the r' exposures, however we find that
this is overestimated for ¢' exposures. This may be due to the
fact that exposures in ¢' have a shorter exposure time as well as
a higher sky surface brightness and thus lower SNR leading
to a poor detection probability. As a result, collected data may
be biased toward lower scintillation indexes at lower airmass.

We now explore the Poisson noise from the sky and target
SNR, as a function of the measured sky surface brightness.
Observed targets are separated into roughly equal magnitude
classes each with ~ 120 sets of observations to examine the
noise properties of targets of different magnitudes. These
classes are Vinag < 0,0 > Vipag < 1.2 and Vinag > 1.2. Figure 7
shows the sky background rate in ¢/pix/s as a function of SNR
for these observations. For the faintest stars, the maximum
exposure time is limited by the sky background, rather than
the target flux. Fitting a linear relationship to Figure 3, we fit
a line corresponding to the SNR of a Poisson sky noise limited

case of the form:
S/t

Where f+ is the target rate, fsky is the sky background rate,

SNR =

and 1 is the exposure time. For the fainted magnitude class,
this relationship is able to describe the data, and so we can
conclude that observations of stars fainter than ~ 1.2 Vinag are
likely to be Poisson noise dominated during the day. For stars
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Figure 7. The the SNR of the target observation as a function of the sky background rate in ¢”/pix/s. Observations are split up into magnitudes classes of
roughly equal sample sizes of Vinag < 0,0 > Vipgg < 1.2a0d Viyge > 1.2. The size of the markers indicate the exposure time of the observation. The shape of
the marker indicates the bandpass. For the faintest class of stars, the exposure time decreases as a function of the sky background rate. The calculated trend
for Poisson sky noise limited observations is plotted, and is found to describe the data in the faintest magnitude class, indicating that observations of stars
with Ve < 1.2 are Poisson sky noise limited during the day. In contrast, stars in the brightest magnitude class are found to be scintillation noise dominated.

brighter than ~ 0 V40, we find that they do not follow a
Poisson noise dominated trend. By examining the Pearson’s
correlation matrix with our observed parameters, we find that
the SNR of these observations most closely correlated with
scintillation index, and approximates a linear relationship.

3.3 Detection Probability and Local Seeing Conditions

We now consider the detection probability per set of expo-
sures, and the local seeing conditions. The local seeing can be
described by the measured FWHM of the observation, which
we find to be related to the standard deviation of the move-
ment of the target centroid. Figure 8 illustrates the relationship
between the Sun altitude at the time of the observation, the
FWHM and the detection probability. In the left most panel,
we find that the detection probability generally decreases with
an increase in FWHM indicating poorer local seeing condi-
tions, and increasing Sun altitude is generally correlated with
an increase in the FWHM, and thus a degradation of the see-
ing conditions. We do however see a few outliers which have
a small FWHM and lower detection probability which are
explored in the right most panel. Here we see that after sunset,
the seeing conditions worsen again, with an increased FWHM
and decreased detection probability. This is consistent with
the fact that the local seeing conditions are impacted by the
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temperature equilibrium of the observing site (Sterken and
Manfroid 1992). Large temperature gradients resulting in
turbulent cells and convection in the air immediately above
the observing site may be the cause of the degradation of see-
ing conditions on sunset and approaching midday, however
more data into the evening, and site temperature information
is needed to confirm this. From these results, we see that the
best time to observe with the best seeing conditions and the
highest detection probability is between sunrise, and ~ 30
degrees Sun altitude resulting in a > 80% detection probabil-
ity. We also find that the seeing conditions are wavelength
dependant, with observations in ¢' found to have a 0.4 + 0.2
arcsecond larger PSF FWHM than those in r' at fixed Sun Al-
titude. This is expected, as the effects of seeing on the FWHM
is proportional to the wavelength of light by A5,

3.3.1 Daytime Sky Surface Brightness and Colour

The brightness and colour of the daytime sky is an impor-
tant factor influencing the utility of optical daytime astron-
omy. In Figure 9 we present the measured sky background in
mag/arcsec for ¢' and r' as a function of Sun separation and Sun
altitude, alongside observations in V from Nickel and Calder-
wood 2021.
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Figure 8. Left panel: The detection probability as a function of the measured FWHM, with colour bar as the Sun altitude in degrees at the time of observation,
and the target magnitude is the relative size of the data points. Detection probability is show to decrease with increased FWHM corresponding to the local
seeing conditions, and Sun altitude. Right panel: We plot the FWHM as a function of the Sun altitude with detection probability as the colour bar. the We see a
relationship between the FWHM and the detection probability, with observations at a detection rate greater than 80% occurring in majority below a FWHM of 4

arcseconds, and a Sun altitude of 30 degrees.

We find agreement with the results of Nickel and Calder-
wood 2021. The sky brightness approaches 2 mag/arcsec in
¢' and r' for Sun separation < 30 degrees and high Sun alti-
tudes. Sky brightness drops to a minimum at the largest Sun
separation distances, and smallest Sun altitudes. A break in
the relationship occurs for Sun altitudes approaching 90 de-
grees, where the sky brightness drops to 7 mag/arcsec in g¢'
and r' near Sunset. We present the sky colour as a function
of Sun separation and Sun altitude in Figure 9. In this plot,
we bin the data by Sun separation to determine the ¢' - r' sky
colour, and error bars are used to represent the spread of the
data in the bins as the standard deviation. For smaller Sun
separation angles, and higher Sun altitudes, we find the sky
colour approaches zero, or whiter in colour. This is expected,
as path length through the atmosphere is shorter and so less
blue light can be scattered. At larger Sun separation angles the
sky becomes bluer again due to the longer path length and
increased Rayleigh scattering at these angles. Approaching
lower Sun altitudes and the largest Sun separation angles, we
see a splitting in the colour and increased scatter. This is due
to the sunset where the sky becomes redder in colour in some
directions, and bluer in others depending on the time and
azimuth of the observation.

3.4 Observations of Betelgeuse

We demonstrate the capability of the Huntsman Telescope
operating as a optical daytime facility by monitoring the bright
ecliptic variable star Betelgeuse. Here we present our light
curve over the course of a 7 month period from March through
to September. The median observed magnitude of Betelgeuse
is calculated for each day from thousands of observations over
multiple epochs in ¢' and ', and the V band magnitude is
calculated to compare with AAVSO observations using the
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equations of Jester et al. 2005 as follows:
V =¢'-0.59 x (¢'=r')—0.01 £ 0.01

Similarly to the reference stars, we employ the same method of
data reduction as described in section 2. In order to compute
the error in our Betelgeuse (057) measurement from differen-
tial photometry, we estimate the error including the reference
stars (GRFf) as follows:

- 2 2
OLower = GB] + O-Ref

— 2 2 2
OUpper = \/ OB ¥ Okef * Ot

We calculate asymmetrical errorbars, because the flat field error
that dominates (0py,,) is considered to be a lower limit on the
magnitude of the target star as the transmission of the vignette
pattern can only decrease the flux from the target. Figure 10
presents our Betelgeuse light curve from our preliminary re-
sults. mini-Huntsman data in blue shows general good agree-
ment with AAVSO data taken by Nickel and Calderwood 2021
during the day and night (yellow and red points respectively),
as well as AAVSO data at night (black points). Unfortunately
a period of consistently poor weather between May and June
in the transition from Autumn to Winter resulted in a large
gap in our data. Despite this, our measurements show agree-
ment with existing measurements, with comparable error bars.
Again we note that the observations of Nickel and Calderwood
2021 during the day where the taken at the most opportune
conditions as the object of these results was a reliable Betel-
geuse light curve. Our data is taken in a variety of poor and
favourable daytime only conditions to explore the parameter
space, and thus the quality of our data is likely to reflect this.
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Figure 9. Measured sky surface brightness is plotted as a function of Sun separation from the observed target for ¢' and r'. Grey crosses are 17-band filter
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3.5 International Space Station Observations

As part of our initial investigations into performing photome-
try of bright satellites for the purposes of SSA with the Hunts-
man Telescope, we also present a preliminary analysis of an
International Space Station (ISS) pass in ¢'. The images are
taken using the full frame to ensure the greatest probability
of capturing the ISS in shot due to the know uncertainties in
available TLE’s, as well as to account for any misalignment
in the pointing model. As a result, these images are able to
be flat field corrected. We median combine 114 ¢' flat field
images taken during twilight to create a master flat and apply
this to each science frame. Only photometric errors are con-
sidered and plotted for satellite targets, due to their dynamic
movement through different sky conditions. To determine
the rough target brightness, a fixed aperture size of 20 pixels
is used, and reference stars are used to calibrate the magnitude
of the source. Figure 11 shows the calculated magnitude of
the target as a function of local time (AEST) on the left and
the calculated satellite trajectory on the right.

The target is tracked successfully using Software Bisque’s
TheSkyX from the observer horizon above the tree line, until
approximately 46 degrees in altitude where the target is lost
and drifts out of frame. We anticipate this is either due to
TLE errors, pointing model errors, possible limitations of the
mount tracking speed, or a combination of all three. The tar-
get is reacquired again as it begins to descend until the mount
reaches the meridian where tracking is stopped due to the me-
chanical limitations of the equatorial mount. The target is well
resolved, with major features such as the solar panels, radiators,
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and station modules easily visible at the highest altitude in the
pass. It is measured at a maximum brightness of g'~ 1.2 mag.

4. Discussion

We now compare our results with that of the literature, and
discuss the impacts of our derived detection limits, photometric
accuracy and observing conditions on the productivity of an
optical daytime observing facility.

4.1 Photometry and Detection Limits

Across all observations over 7 months we find a median photo-
metric error of 0.0540.03 in r' and 0.0740.06 in ¢'. Our errors
are higher than previous results by Miles 2007; Nickel and
Calderwood 2021 who report +0.03 V band and 0.02 + 0.01
mag to 0.04 & 0.01 mag respectively. This likely reflects the
variation in observing conditions, and number of reference
stars day to day in this initial exploratory survey. It is also com-
parable to our considerable calculated flat field uncertainty of
+0.05 mag which will be corrected in future works. We also
find a 0.03 mag increase in the standard deviation of the photo-
metric error for ¢' compared to r', which may be as a result of
poorer seeing conditions at shorter wavelengths with ¢' found
to have a median 0.4 + 0.2 arcsecond larger PSF FWHM than
r' observations. A bluer sky colour approaching a ¢' - r' colour
of -1 at sun separation of 60-80 degrees as well as a ~ 1mag
increase in sky brightness in ¢' may also be a cause of lower
target SNR in ¢'.

As shown in Figure 10, our light curve of Betelgeuse is in
agreement with those found on the AAVSO archive both for
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Figure 10. Huntsman Pathfinder calculated V band observations plotted in blue, with current Nickel and Calderwood 2021 (observer code NOT) observations
during the day in yellow, and during the night in red. In addition, AAVSO (observer code VOL) observations of Betelgeuse are also included for reference in black
taken at night. Asymmetrical error bars are calculated to accommodate the flat field error which tends to dominate. A period of consistently poor weather
between May and June in the transition from Autumn to Winter resulted in a large gap in our data. Despite this, our results show general a good agreement
with both Nickel and Calderwood 2021 and AAVSO observations, with comparable errors.

daytime and night time observations. This agreement demon-
strates the Huntsman Telescope’s potential as an op observatory
dedicated to observing bright, variable ecliptic stars like Betel-
geuse.

Our preliminary results of tracking and imaging the ISS demon-
strates the potential for using the Huntsman Telescope facility
for the purposes of SSA during the day. In Figure 11 the target
is acquired at an altitude of ~ 25 degrees and tracked through
to the meridian, reaching a maximum brightness of g'~ 1.2
mag. These results demonstrate that the ISS is clearly visible
during the day, and photometry of SSA targets is possible.

The photometric accuracy achieved by mini-Huntsman are
smaller than that which is required to differentiate between
satellites of different composition. For example, the study con-
ducted by Schmitt and Vrba 2016 show that errors of 0.2 mag
can yield useful insight. Our errors of 0.05 £ 0.03 in r', are
within this threshold. However 0.07 + 0.06 in ¢' will require
further exploration to reduce the standard deviation of pho-
tometric accuracy across all observing conditions explored in
this work. If similar calibration campaigns were employed for
SSA work it may unlock a new regime of classifying bright
satellite passes during the day using their relative brightness at
different wavelengths of light.

We report an average 10-sigma detection limit across all ex-
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posures and environmental conditions of ~ 4.9 mag V band,
with the faintest star reliably detected using our detection al-
gorithm being HIP99120 with a V band magnitude of 4.94
at a sun altitude of 10 degrees. For midday observations we
report a detection limit of ~ 4.6 mag V observing HIP3245 at
a Sun altitude of 62 degrees. We report visually confirming
observations of stars up to V band 6 mag at midday, however
they were not reliably detected using our source detection
algorithm.

A detection limit of 4.6 mag during the day means the number
of bright stars observable with mini-Huntsman is less than 900,
estimated using the Tycho catalog, or ~ 0.001% of the stars
visible to the Huntsman Telescope at night using a comparable
filter, single lens, and similar exposure time. It is clear that this
magnitude limit restricts the practicality of observing variables
stars during the day, however this observing mode may still
be useful for select cases. Precise and long term photometry
of stars such as Aldebaran and Pollux may help to determine
if these stars have planets or long secondary period variations
(Reichert et al. 2019). In addition to Betelgeuse, long period
variable legacy stars monitored by AAVSO (Hutton and Si-
monsen 2009) such as eclipsing binary VV Cephei (V 4.90
mag), recurrent nova system RS Ophiuchi (V 5.5 mag peak
brightness, AAVSO), binary star Sigma Geminorum (V 4.29
mag) and multiple star system Beta Persei (V 2.12) among oth-
ers may be potential candidates for the Huntsman Telescope
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system during the day. Continuous, long term monitoring of
these targets in addition to other program star targets moni-
tored AAVSO may be potential targets for daytime observing
programs.

A detection limit of ~ 4.6 mag at midday allows for a large
sample of photometric calibration stars in order to perform
SSA photometry during the day. However the number of
observable satellites may potentially be limited to only 4, ac-
cording to NORAD catalogs (Kamiriski et al. 2021). However,
there is some uncertainty around the brightness of potential
SSA targets during the day, with Starlink satellites of particular
interest (Cole 2020; Kaminski et al. 2021; Zimmer, McGraw,
and Ackermann 2021; Fankhauser, Tyson, and Askari 2023).
These satellites are reported to reach magnitudes brighter than
5th to 6th magnitude during terminator conditions. In addi-
tion there is some uncertainty on their Earthshine illuminated
brightness, with one report from Zimmer, McGraw, and Ack-
ermann 2021 detecting them up to 2.6 mag during the day.
If this were verified, the number of satellites with the current
setup could potentially increase to thousands. Future works
with the Huntsman Telescope system will focus on attempting
to detect these Starlink satellites during the day and compare
them to terminator illumination conditions as well as evening
conditions such as those explored in Steindorfer et al. 2020.

4.2 Daytime Observing Conditions

Over the course of 7 months we have explored the observ-
ing conditions for our site at Macquarie Observatory during
the day, and report the impact of environmental conditions
on the quality of observations. We find that an increase in
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scintillation noise is only correlated with airmass, and is not
dependant upon conditions such as Sun altitude, Sun sepa-
ration, and sky surface brightness. In Figure 6 we find that
Young’s approximation describes the trend with airmass in r',
but overestimates the observed scintillation in ¢'. This may
be due to bias in detection portability for higher scintillation
noise dominated observations, however more data is needed to
explore this hypothesis. We find that by splitting the data up
into rough magnitude classes of equal sample size Vinag < 0,

0> Vingg < 1.2 and Vinag > 1.2 that the SNR of observations of
targets with Vinag < 0 are linearly with the scintillation index.

From these results we conclude that only observations of the
brightest stars are scintillation noise dominated. In contrast,

we find that observations of stars Vinag > 1.2 follow a theoreti-
cal Poisson noise dominated curve. These findings illustrate
the fundamental limit to optical observations during the day.
While observations of Oth magnitude stars and brighter may be
achieved with multiple observations to sample the scintillation
noise, observations of stars fainter than ~ 1st magnitude are
Poisson sky noise dominated with our telescope. Overcoming
Poisson sky noise may be achieved by reducing the contribu-
tion of the sky through the use of filters and polarises, or by
changing the optical set up by decreasing the pixel scale or
increasing the telescope aperture.

As explored in Figure 7 we find that the detection probability
is impacted by the local seeing conditions. The majority of
detection probabilities of greater than 80% occur between
Sun altitude of 0 and 30 degrees, with FWHM lower than 4
arcsec. This may indicate that Winter observing conditions in
Australia could be more favourable for daytime observations
where Sun altitudes are typically around ~ 33 degrees (Winter
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solstice). FWHM in ¢' compared to r' is larger, with median
PSF FWHM of 4.2+2.0 arcsec and 3.7+1.1 arcsec respectively.
Considering only calibration stars with a verity of colours and
magnitudes, the detection probability is roughly equal in ¢'
and r' of 72% =+ 28% and 71% =+ 24% respectively. Seeing is
most poor immediately before or after Sunset, consistent with
periods of greatest thermal fluctuation. Seeing also deteriorates
during the middle of day, at the highest Sun altitudes. Investi-
gations into whether this impact can be reduced by comparing
conditions at the Macquarie Observatory location to Siding
Spring Observatory, as well as the impact of direct Sunlight
as opposed to housing the instrument in a dome for daytime
observing will be explored in future works.

5. Conclusions and Future Work

In conclusion we find that a photometric accuracy of 1% to
10% is possible with the Huntsman Telescope system. Local
seeing conditions are found to be impacted by Sun altitude,
with the best observing conditions taking place between Sun
rise, to a Sun altitude of 30 degrees, with the majority of ob-
servations of all stars achieving a detection probability of 80%
or better, and FWHM below 4 arcsec.

Overall we find that the FWHM is smaller for observations at
longer wavelengths, and on average produce higher SNR ob-
servations of target stars. Our detection limit using our current
source detection algorithm for midday observations is found to
be V band 4.6 mag, increasing to ~ 4.9 mag for observations
in the afternoon under more favourable sky conditions.

Scintillation is found to be well described during the day by a
Young’s approximation, particularly for longer explore times
of 0.002 s. However we see better than expected scintillation at
shorter exposure times, possibly due to bias in source detection
probability at these exposure times. We find that observations
of targets V band Oth mag and brighter are likely scintillation
noise dominated, while stars fainter than V band 1.2 mag are
Poisson sky noise dominated.

Over the course of 7 months of daytime observations of Betel-
geuse we find good agreement between our measurements
and those recorded on the AAVSO archive by fellow Betel-
geuse daylight observer Nickel and Calderwood 2021. Our
photometric errors are dominated by our flat field error as
the result of proprietary software bugs, which will be easily
corrected in future observations.

Our initial results exploring the tracking and photometry of
satellites for SSA demonstrate the successful acquisition and
tracking of the ISS. We present a light curve illustrating the
change in brightness over the duration of the pass. We report
difficulty tracking the station towards the highest point of
the pass, possibly due to the tracking limits of the mount, or
possible pointing errors. The photometric accuracy we can
achieve for the ISS during the day potentially unlocks ways to
characterise or assess the status of satellites passing overhead
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during the daytime.

As we move towards rolling out this new observing mode
on the Huntsman Telescope, there are several improvements
to be made in future works to optimise observing during the
day. Firstly, for aperture photometry we will explore the use
of a variable aperture size to account for a change in seeing
conditions at different times during the day, and to maximise
the SNR of observations. Autonomous focusing will be an-
other point of interest in development, as variable temperatures
during the day are found to be correlated with focusing offsets.
In addition, we will also explore the use of long pass filters to
maximise the SNR of both satellite and stellar targets. We may
also be able to take advantage of the colour variation of the sky
as a function of Sun separation to optimise filter selection for
various observing conditions to maximise target SNR. Lucky
imaging, whereby data is filtered to include only the most
opportune moments with highest SNR (Smith et al. 2009) is
another technique that has not been explored in this work, and
we intend to implement this in the next Huntsman Pathfinder
daytime survey to maximise the quality of our observations.
For the purposes of SSA we will continue to explore meth-
ods of increasing our detection limit via the use of targeted
wavelength filters, as well as exploring the reported daytime
magnitudes for Starlink satellites, in particular, taking into
account Earthshine contributions. Finally, we will continue to
monitor Betelgeuse during the day using the Huntsman Tele-
scope facility, as well as exploring the feasibility of monitoring
other long period variable stars of interest.
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