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Abstract

This thesis investigates the detection of surface composition inhomogeneity
on asteroids using time-series spectroscopy and photometry. Observations were
conducted on three test cases—Pluto, asteroid 2005 EK70, and the weather
satellite Meteosat-11 using the Mookodi instrument on the Lesedi telescope.
For Pluto, time-resolved spectroscopy revealed methane ice absorption bands,
with band depths varying between 3.33% and 4.80%, consistent with previously
reported values. Photometric analysis supported these results, showing an
r− i colour variation linked to surface inhomogeneity. For asteroid 2005 EK70,
no significant spectral variations were detected, suggesting a uniform surface
composition. The asteroid’s diameter was determined to be 1.25 ± 0.26 km,
with a rotation period of 4.34 hours, indicating it is stable. The third test
case, Meteosat-11, served as a control to verify Mookodi’s ability to track
stationary objects. These findings demonstrate the capability of ground-based
instruments like Lesedi to detect surface composition inhomogeneity from
Earth. Future work could further refine these methods and apply them to a
wider range of solar system objects.

1 Introduction

Past spacecraft missions to asteroids have revealed that many asteroids possess
relatively homogeneous surfaces, as illustrated in Figure 1. The images in Figure 1
are true-colour photos taken by spacecraft in the visible spectrum and demonstrate
that while these objects are not all alike, individual asteroids mostly exhibit a uniform
appearance, with homogeneous surface colours ranging from gray-white (similar to
lunar regolith) to dark reddish brown and some coal-like black.
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Figure 1: Asteroids that have been visited by spacecraft and the colours of the
asteroids are true colours. There is a diversity in albedo levels and spectral signatures
and these asteroids show no surface composition inhomogeneity. Source: Emily
Lakdawalla/The Planetary Society.

However, a few notable exceptions have challenged this perception. The dwarf planet
Ceres and the main-belt asteroid 16 Psyche have both demonstrated evidence of
surface composition inhomogeneity. Ground-based observations of Ceres (Carry et al.
[2008]), coupled with the DAWN (McCord and Zambon [2019]) spacecraft’s close flyby,
have uncovered distinct regions with varying albedo and colour, indicative of differing
surface materials. The inhomogeneity has since been accredited to cryovolcanism
on Ceres (Ruesch et al. [2016]). Similarly, studies based on ground-based infrared
observations of 16 Psyche have revealed a patchwork of albedo variations across
its surface while radar albedo signatures have indicated the presence of metal-rich
material on the surface (Shepard et al. [2021], see Figure 2) which is rare in the
asteroid population. The most likely cause of this inhomogeneity has been suggested
to be ferrovolcanism (Johnson et al. [2020]). A NASA science mission, launched from
Kennedy Space Center on October 13, 2023, is en route to 16 Psyche and is expected
to arrive in August 2029, aiming to reveal the true nature of this intriguing asteroid.
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Figure 2: Figure showing the optical albedo map of 16-Psyche. The asteroid appears
to be showing albedo inhomogeneity. The different colours on the map are the different
levels of optical albedo. The different black circle sizes represent the different ranges
in radar albedo. Source: Shepard et al. [2021].

These inhomogeneous asteroids could hold significant scientific and industrial interest.
By examining the diverse and often anomalous inhomogeneous asteroids like Psyche,
we may gain valuable insights into the formation processes of our Solar System and
the underlying mechanisms that shaped our cosmic neighbourhood (Batygin and
Brown [2010] and Griveaud et al. [2024]). Moreover, such asteroids may harbor
valuable resources that could be exploited for future space mining endeavors (Hein
et al. [2018] and Calla et al. [2018]).

While it is impractical to send spacecraft to every asteroid to assess its surface
characteristics for inhomogeneity, ground-based telescopes offer a promising alter-
native. By employing techniques such as time-series spectroscopy and multi-filter
photometry, astronomers can potentially identify inhomogeneous asteroids from
Earth.

Previous studies, such as those conducted by Lorenzi et al. [2016] on Pluto and
Sanchez et al. [2017] on 16 Psyche, have demonstrated the feasibility of using
ground-based observations to detect surface composition variations in Solar System
objects. These investigations have relied on analysing spectral signatures to iden-
tify changes associated with rotational phases, i.e., different locations along longitude.
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This thesis aims to evaluate the capabilities of the Mookodi instrument (Erasmus
et al. [2024]), a low-resolution spectrograph with multi-filter imaging capabilities,
mounted on the 1-m Lesedi telescope (Worters et al. [2016]) operated by the South
African Astronomical Observatory (SAAO), in achieving similar results.

To assess the Mookodi instrument’s suitability for time-series spectroscopy and
the detection of spectral variations related to rotational phases, three specific test
observations were conducted. These tests will help determine if the instrument is
a suitable candidate to contribute to the discovery and understanding of asteroids
with surface inhomogeneity.

The first test involves a target with previously published results showing surface
inhomogeneity. The brightness of the target should also be comparable to that
of a typical main-belt asteroid, where ground-based low-resolution spectra with a
1-m telescope would result in a decent signal-to-noise ratio, i.e., within an apparent
magnitude range of about 5 to 14. To make the first test easier, the target should
have slow to medium on-sky motion and a rotation about its axis spanning a few
hours or a few days so that multiple long-exposure spectra can be taken at a given
rotation phase. Additionally, the target should be observable from the SAAO’s site,
where Lesedi is located. While technically not an asteroid, Pluto was chosen because
it meets all these criteria and will prove that surface inhomogeneity of a Solar System
object can be measured with the Mookodi instrument.

The second test involves a Near-Earth Asteroid (NEA) target. While the chances
of detecting surface inhomogeneity on a randomly selected NEA are unlikely, this
test will prove that time-series spectroscopy on an object with a much faster on-sky
motion than Pluto can be performed. This test object should also have a known
taxonomic type from literature so we can confirm that our obtained spectra agree
with that. For this test, 2005 EK70 was selected because it meets all these criteria
and was visible and observable with Lesedi during the time allocated to us on this
telescope for this project.

The third test involves a bright asteroid-like object with a high likelihood of displaying
surface inhomogeneity. For this test, the weather satellite Meteosat-11 was chosen.
Ideally, a defunct tumbling satellite would have been preferred, but this was the only
object available that met some of the criteria during the allocated observing run.

This thesis is organised into several sections. Chapter 2 provides an overview
of the telescopes and instruments used in this study. Chapter 3 covers the data
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reduction pipelines. Chapter 4 presents the first test case target, Pluto. Chapter 5
focuses on the second test case target, 2005 EK70. Chapter 6 discusses the third test
case target, Meteosat-11. In the final section, a conclusion is drawn on the thesis as
a whole and discussing possible future plans.

2 Telescope, instrument and data pipelines

2.1 Lesedi

The telescope used for this project is the 1-m Lesedi telescope (Worters et al. [2016])
situated at the South African Astronomical Observatory’s facility near the town of
Sutherland in the Northern Cape, South Africa. The altitude and azimuth (alt-az)
mounted telescope features a 1-meter primary mirror with a focal ratio of f/8 and two
Nasmyth ports, which can be individually fed by a rotatable tertiary mirror, enabling
rapid switching between the two ports. Each port has a field of view diameter of 100
mm (approximately 43 arcminutes) and is equipped with a field derotator that houses
an autoguider unit. The telescope has excellent pointing and tracking (including
non-sidereal tracking) capabilities and is therefore well-suited for this specific project.
Each port has a field of view (FoV) diameter of 100 mm.

Of the two Nasmyth ports, one accommodates the Sibonise (formerly WiNCaM)
instrument (Worters et al. [2016]), a multi-filter imager (including some specialised
narrowband filters) with a semi-wide field of view (about 40 × 40 arcminutes
FoV). The other port houses Mookodi, a low-resolution spectrograph and multi-filter
imager. The telescope’s optics are optimised for a wavelength range of 350–900 nm.

The Lesedi telescope can be remotely operated by a physical observer but is nominally
used in full robotic mode. Figure 3 shows two photographs of the Lesedi telescope:
one showing both Nasmyth ports and the other focusing on a single port that houses
the Mookodi instrument. The Mookodi instrument is the instrument used for this
project.
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