Improved astrometry and sensitivity for a survey of faint geosynchronous debris
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ABSTRACT

The orbital debris environment in the vicinity of the geosynchronous (GSO) region is continually evolving. Regular
and reliable monitoring of uncontrolled resident space objects (RSOs) is essential to accurately assess the risks they
pose to active payloads. The trade-off between coverage and sensitivity, however, makes this particularly challenging
for the population of optically faint GSO debris. For faint objects such as these, collecting area is a pivotal factor, and
surveys of the GSO region conducted with large-aperture telescopes have historically provided vital insights into the
nature of this largely uncharacterised population of RSOs.

One such survey took place in September 2018, using the 2.54 m Isaac Newton Telescope (INT) at the Roque de los
Muchachos Observatory on La Palma, Canary Islands. Throughout the eight nights of dark-grey time comprising the
survey, the INT target fields were also observed contemporaneously with a commercial-off-the-shelf 36 cm robotic
astrograph. The large aperture of the INT enabled the detection of very faint RSOs, achieving a sensitivity limit below
20th visual magnitude, corresponding to sizes less than 10 cm, depending on the assumed shape and albedo. Like
others of its kind, the survey uncovered a bimodal brightness distribution, comprising a bright end of known satellites
and a faint end of uncatalogued debris, the latter exhibiting an upwards trend abruptly cut off by the sensitivity limit
of the instrument, suggesting that the modal brightness may be fainter still. What’s more, many of the faint detections
exhibited photometric signatures of rapid tumbling, often straddling the noise floor of the images.

In this paper, we present a reanalysis of the INT survey dataset, with the primary aim of improving the astrometric cal-
ibration and object detection stages of the original analysis pipeline. We implement a more robust star trail centroiding
algorithm, fitting the along- and cross-trail profiles to account for offsets due to wind shake and blending. The refined
centroids are subsequently fed into an updated astrometric calibration routine, featuring iterative cross-matching and
distortion fitting, and drawing from the Gaia DR3 catalogue, the latest ‘gold standard’ for astrometry. We also boost
target recovery by implementing a blind stacking technique, combining multiple survey frames to detect very faint
RSOs that single-frame approaches failed to uncover previously.

Lastly, we present preliminary findings from a follow-up survey of the GSO region, conducted with three instruments:
the 1.35 m SkyMapper Telescope at Siding Spring Observatory, Australia, operated by the Australian National Uni-
versity; the 1 m telescope at Bisei Space Guard Center, Japan, in collaboration with the Japan Aerospace Exploration
Agency; and the Warwick CLASP telescope, comprising two 36 cm robotic astrographs, located a short distance from
the INT on La Palma. This multinational observation campaign is the latest instalment of DebrisWatch, a collabora-
tion between the University of Warwick and the Defence Science and Technology Laboratory (UK) investigating the
GSO debris population. With space traffic management concerns beginning to extend beyond GSO altitudes, the need
to search deeper and uncover fainter RSOs with high-sensitivity measurements has never been greater. Scientifically
driven surveys of high-altitude orbits have an important role to play in understanding the nature and evolution of the
optically faint debris environment.



Fig. 1: Instruments employed for the original survey in September 2018, at the Roque de los Muchachos Observatory,
La Palma. (Left) 2.54 m Isaac Newton Telescope (INT) with the prime-focus Wide Field Camera (WFC). (Right)
36 cm Rowe-Ackermann Schmidt astrograph (RASA) with FLI ML50100 CCD camera.

1. INTRODUCTION

The Space Age is undoubtedly accelerating into a new era, characterised by the privatisation of space flight, increased
access to space, and soaring launch rates to low Earth orbit, as large constellations of satellites begin to take shape [[1]].
With such an abundance of activity relatively close to home, it can be easy to overlook the higher-altitude orbits that
have long been relied upon for a variety of broadcasting, communications, and meteorological applications. Neverthe-
less, the geosynchronous (GSO) region will continue to play a crucial role, with the emergence of new business mod-
els offering greater affordability and flexibility for GSO operations, a diversification in GSO platforms and activities,
and the potential for multi-orbit solutions exploiting the fixed-positioning, long-lifetime capabilities of geostationary
satellites. What’s more, the GSO region has served as an effective testing ground for a range of circular economy
initiatives, most notably Northrop Grumman’s Mission Extension Vehicle demonstrations [2], and China’s removal of
the defunct navigation satellite, Compass G2, with SJ-21 [3]]. Rendezvous and proximity operations (RPO) necessitate
a high degree of situational awareness, both due to the dual-purpose nature of RPO technology, and to enable effective
monitoring of each spacecraft’s status, thereby mitigating the risk of accidents taking place.

Debris generation is especially problematic at GSO altitudes. In contrast to low-altitude orbits, where atmospheric
drag serves as a natural mechanism for debris removal, no comparable process exists to clear the GSO region. Rapid
growth in the commercial space domain awareness (SDA) sector has enabled more timely and persistent monitoring
of the GSO region, such that a wide range of recent anomalies and fragmentation events have been swiftly identified
and characterised [4, 5]. Most recently, Intelsat 33E suffered a breakup in October 2024, adding 18 fragments to the
publicly available Space-Track catalogue [6}[7]. Many more fragments will have been initially identified by responding
instruments in the immediate aftermath of the event; however, persistent and reliable tracking of optically faint debris
at such high altitudes is very challenging. Moreover, we expect breakups to generate orders of magnitude more
fragments that are too small to be detected, as evidenced by ground-based laboratory experiments, observations, and
the space debris environment models they feed into [e.g.,[8H10].

Collecting area is a pivotal factor for sensitivity, and surveys enlisting large-aperture telescopes have historically
provided vital insights into the nature of the largely uncharacterised population of optically faint GSO debris [11-
13]]. Here, we present a reanalysis of the dataset from one such survey [14], undertaken in September 2018 using the
Isaac Newton Telescope (INT) in La Palma, Canary Islands. In Section 2] we provide a brief overview of the survey,
detailing the instrumentation and observational strategy employed. We outline improvements made to the astrometric
calibration and object detection stages of the original analysis pipeline in Section 3] and explore some further insights
that can be gained from the photometric light curves extracted for trailed detections in the survey frames in Section[4]
Lastly, in Section[5] we share preliminary results from a multinational follow-up survey of the GSO region, with data
from Siding Spring, Australia, and Bisei, Japan, before concluding the paper in Section [6]



Table 1: Instrument specifications for the INT and robotic astrograph. Note that the quoted field of view (FOV) for
the WFC is lower than its achievable 34 sq. arcmins, owing to severe pickup noise that rendered one of the four CCD
chips unusable.

Instrument | Aperture CCD(s) FOV Resolution Readout Filter
[m] [px] ("px ' times]
INT WFC 254 4 2k 4k 33" 22 0.66 25 Harris V
(mosaic) (binned, 2 2)
RASA 0.36 8k 6k 3.6 2.7 1.57 4 None
(unbinned)
2. SURVEY

We provide a brief summary of key information relating to the original survey here, referring the interested reader
to [I14}15]] for further details.

The survey was conducted across eight nights of dark-grey time between 2-9 September 2018, using the 2.54 m Isaac
Newton Telescope (INT) at the Roque de los Muchachos Observatory, La Palma, Canary Islands, with the prime-focus
Wide Field Camera (WFC). Contemporaneous observations were obtained with a nearby commercial-off-the-shelf
instrument, comprising a 36 cm Rowe-Ackermann-Schmidt astrograph (RASA) paired with an FLI ML50100 charge-
coupled device (CCD) camera. The two instruments are shown in Figure (1] while relevant specifications are provided
in Table[T]

To maximise the apparent brightness of RSOs, and thus increase the likelihood of detecting very faint debris, target
fields were selected so as to be proximate to the leading or trailing penumbral edge of the Earth’s shadow, while
avoiding eclipse for the duration of each pointing of the telescope. After slewing to the selected field, a sequence
of seven 10s exposures would be captured, with the INT ‘stopped’ to ensure that photons of reflected light from
geosynchronous detections would integrate across fewer pixels.

In this mode of operation, station-kept geostationary satellites will image as point sources (blurred according to the
point spread function of the optical system), while other geosynchronous RSOs will manifest as short trails, as il-
lustrated in panel (a) of Fig.[2] Stars appear as longer trails, streaking through the image at the sidereal rate. The
exposures were separated by a relatively long readout time of 25 s; thus, we opted for an exposure time of 10s to pro-
vide a reasonable balance between minimising stellar streak coverage and maximising duty cycle. Upon completion
of the roughly 4-minute exposure sequence, the telescope pointing would be updated to account for drifting due to
the Earth’s rotation. Over the course of the night, this strategy ensured that a strip of constant declination would be
scanned, resulting in a wide-ranging (albeit sparse) coverage of the visible geosynchronous region.

3. ANALYSIS PIPELINE

As part of the original analysis of the survey data, a Python-based pipeline was developed to carry out the following
tasks:

 Standard CCD calibrations (bias, flat fields) and sky background subtraction;

* Astrometric and photometric calibration (star trail extraction, astrometry, crossmatching);
* Object detection (star trail removal, thresholding) and false positive removal;

* Position refinement, aperture photometry and track association;

 Light curve extraction (image alignment, flux correction).

We refer the interested reader to [[14]] for further details. In the following sections, we outline improvements that have
been made to the astrometric calibration and object detection stages of the pipeline.



Fig. 2: Observational strategies for monitoring objects in high-altitude orbits, employing different tracking rates.
Adapted from [16]. (a) An exemplar frame from the survey in question, acquired with the INT ‘stopped’ (i.e., no
tracking). Two RSO detections are contained within the window: a point-like (although saturated) geostationary
satellite in the top left corner; and a faint (glinting) trail associated with an uncatalogued fragment of GSO debris,
expanded for clarity. (b) Separate to the main survey, differential tracking rates were applied to the INT to match the
drifting motion of a Titan 3C rocket body (NORAD 5589) in a graveyard orbit, integrating photons of reflected light
from the target onto the same pixels for the duration of the exposure. (c) A sidereally tracked image of the Sirius 3
satellite (NORAD 25492), taken with the RASA instrument, also separate from the main survey. Short period glints
are apparent along the target’s otherwise faint trail. Note that stars exhibit predictable and uniform behaviour in each
mode of operation, though their morphologies and orientations can vary greatly depending on the chosen strategy.

3.1 Astrometric calibration

The original astrometric calibration routine developed to obtain world coordinate system (WCS) solutions for the INT
frames paired SEP [17]], a Python library for source extraction, with the plate solving software, Astrometry.net [18].
The SEP library is based on SExtractor [19], which was primarily developed to extract sources in large-scale galaxy
survey images. It is consequently most proficient when presented with sidereally tracked data, extracting/de-blending
point-like and slightly extended (e.g., elliptical) sources, blurred by the point spread function of the optical system
in use. With the long star trails that result from the observational strategy discussed in Section [2] SEP can often
mistakenly extract multiple sources along a trail, or return an inaccurate trail centroid, especially in cases where wind
shake has caused the trail to kink or exhibit misleading brightness variability.

We address the first issue by disabling SEP’s object de-blending functionality, and applying a filter to retain only those
extracted sources that match (within some margin of error) the expected star trail morphology: the orientation of the
trail should be aligned with the right ascension (longitudinal) axis; the length of the trail should be close to its expected
length, based on the exposure time, the plate scale of the detector, and the sidereal rate. With the surviving sources, we
subsequently carry out a centroid refinement procedure, fitting the along-trail and cross-trail profiles to obtain more
accurate estimates of the trail centroid and its start/end points, as demonstrated in the left-hand panel of Figure[3] We
fit the cross-trail profile with a Gaussian, and the along-trail profile with a “Tepui’ function, defined as the difference
between two arctangents [see, e.g., 20], discarding trails where the refined centroid differs substantially from the SEP
centroid as likely blends. For the remaining star trails, we use the refined centroids to place rectangular apertures, with
the photutils package [21]], obtaining an estimate of flux for the photometric calibration stage of the pipeline.

The refined star trail positions are fed as input to Astrometry.net to generate an initial WCS solution, employing the
5200 series of index files, built from the Tycho-2 [22] and Gaia DR2 [23] catalogues. Separately, we perform our
own cross-matching of the star trail positions with the Gaia DR3 catalogue [24]], making use of the k-d tree matching
routines implemented by astropy [23]. The Gaia catalogue represents the latest ‘gold standard’ for astrometry, with
median positional uncertainties less than 0.1 milliarcseconds (mas), median proper motion uncertainties less than 0.1
mas/yr, and median photometric uncertainties less than a few mmag for the stars used as cross-matching candidates
(G < 17). We discard comparison stars lacking proper motion information, along with those blended with other stars,
based on a consideration of the expected star trail morphology.

Previously, we made use of the American Association of Variable Star Observers (AAVSO) All-Sky Photometric
Survey (APASS) catalogue [28]), to closely match the response of the Harris V filter used for the INT observations.
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Fig. 3: (Left) Cross-trail (x) and along-trail (y) fitting for an example star trail imaged by the INT, making use of
Gaussian and Tepui functions, respectively. (Right) Photometric relationship derived by [26]], using Gaia DR3 data,
cross-matched with Johnson-Cousins standard stars in included in Gaia DR3. We use this to transform the
available Gaia photometry to Johnson V, to closely match the response of the filter used for the INT observations.

To instead match the V-band measurements with the Gaia photometric passbands (G, Ggp, Grp), we carry out the
following transformation [26]], shown graphically in the right-hand panel of Figure 3]

y= 0.02704+0.01424x 0.2156x> +0.01426x°, )

wherey=G V andx=Gpp Grp. The resulting zero point distribution, obtained by taking the difference between
the catalogue magnitude and the instrumental magnitude for each star trail, is sigma-clipped, and trails with a poor
match, either spatially or photometrically, are discarded.

The surviving matches are subsequently used to fit for pincushion distortion, particularly prevalent in CCD 3, which is
positioned furthest from the optical axis of the instrument. We then perform an iterative improvement of the crossmatch
to account for remnant outliers, using the algorithm developed by [29] and applied to the RASA dataset in [30],
obtaining refined astrometric solutions for the start, middle, and end of exposure.

In Fig. [ we compare the new astrometric calibration pipeline to its predecessor. The new routines achieve sub-pixel
accuracy across all eight nights of the survey, in every case a vast improvement on the original astrometry. Typically,
we see a significant reduction in the median separation between detected star trails and matched comparisons, from
around 2% to a small fraction of an arcsecond.

The negative impact of the distortion on the quality of the pre-fitting astrometric solution for CCD 3 is clearly evi-
denced in Fig.[5] Nevertheless, we find that the distortion fitting succeeds in bringing the astrometric accuracy back
in line with that of the other two CCD chips comprising the usable portion of the WFC mosaic. For the vast majority
of frames, the new astrometric calibration pipeline achieves a median offset (between the extracted star trail positions
and their matched comparison stars) below 0.3 px, equivalent to roughly 0.2

As expected, the post-fit accuracy is higher in the cross-trail (declination) direction than in the along-trail (right as-
cension) direction, owing to the greater positional uncertainty introduced when fitting an elongated profile instead of
that of a point source. While the pre-fit accuracy is similar in both directions, the dominant source of uncertainty in
declination is due to the distortion; the component associated with the centroiding routine is comparatively small.

With the new solutions in place, we update the astrometry and photometry for the original INT detections. The
detected arcs from both the INT and RASA datasets are shown in Fig.[6] Here, we can see how the differing properties
of the instruments combine with the chosen observational strategy to yield, in many ways, complementary results.
The shorter readout and slew times of the RASA reduced deadtime, enabling more exposures to be captured at each
pointing. For every sequence of seven exposures taken with the INT, the RASA was typically able to acquire 20-25.
What’s more, the RASA’s field of view (FOV) was sufficiently wide to contain multiple pointings of the INT, often
extending the coverage of targets to more than 10 minutes, hence the evidently longer RASA arcs in Fig. [f] The
wider FOV enhanced the RASA’s sky coverage throughout the survey, resulting in a higher detection rate, though its
inferior sensitivity meant that only the bright end of the population sampled by the INT survey was supplemented by
the contemporaneous RASA observations.



Fig. 4: A comparison of the old (black) and new (red) astrometric calibration pipelines for the INT frames. We plot
the median offsets in right ascension—declination space between the extracted star trail positions and their matched
comparison stars, for each night of the survey. Inset within each panel, we also provide the corresponding offsets for
the pre- (blue) and post- tting (red, equivalent to "new' above) stages of the pipeline. Note that there are considerably
fewer survey frames for the night 20180905, due to poor weather conditions.



Fig. 5: Pre- (blue) and post-t (red) measures of the astrometric accuracy for the INT survey frames. We plot the
median offsets in right ascension (top) and declination (bottom) between the extracted star trail positions and their
matched comparison stars, for each usable CCD chip. Dashed lines indicatd'theréntiles for each case. Note

that the pre- t quality for CCD 3 is comparatively very poor due to strong pincushion-like distortion.

3.2 Blind stacking

To improve our extraction of GSO targets in the INT dataset, we run an updated version of the blind stacking pipeline
described in [31]. The methodology is designed to extract moving targets from sequences of observing frames, and
crucially, is sensitive to targets from multiple orbits. Thus, we are able to extract targets moving on a range of potential
orbits from a single dataset. Blind stacking has been shown to recover fainter targets than single-frame object detection
techniques. We therefore use it here to try and recover additional targets missed by the original single-frame search.
For each sequence of images, we choose a path in pixel space, and shift subsequent frames accordingly. We then
combine overlapping pixels, resulting in a brightness spike when a moving target is correctly aligned. The procedure
is repeated for multiple paths, and the outputs are combined, saving only the brightest pixel in each location. The result
is a single frame, showing brightness spikes corresponding to moving targets, sensitive to targets on a large range of
orbits.

To employ the blind stacking technique from [31] on the INT dataset, we were required to make some updates and
adaptations to the code. Firstly, the INT data were acquired with a stationary telescope, resulting in signi cant stellar
streaks, as evidenced in Fig. 2. We mask out the streaks using a mathematical morphology technique [see, e.g., 14, 32]
to ensure that they do not contribute to false positive detections. Secondly, the INT observations have signi cant
deadtime between exposures due to readout. This means that the length of a target streak in a single frame is not
equivalent to the amount by which a target has moved between frames. We account for this by building in a scaling
factor from exposure time to cadence. Finally, the INT data uses many fewer frames per pointing. This limits the
effectiveness of the blind stacking technique but does enable us to use a full median stack of overlapping pixels,
without increasing the pipeline runtime beyond reasonable limits.

Blind stacking output frames are then searched for detections 8&RfL7]. Identi ed detections are examined for

false positives, and ltered targets are recorded. For each detection, we extract photometry by placing apertures at
the appropriate location in each individual frame, based on the tested path that produced each brightness spike. The
photometric measurements are averaged, giving a single ux measurement for each recovered target.

Across the full INT dataset, we recover 15 new detections by employing the adapted blind stacking pipeline. An
example detection is shown in Fig. 7. We show ve individual frames, both raw and binned by a factor of two,
followed by a median stack of the individual frames, and the result of the blind stacking pipeline. The boost in signal-
to-noise is clearly evident in the stacking output frame, and standard threshold-based techniques are subsequently
capable of centroiding the target signal effectively, verifying its motion and enabling the placement of apertures for
the extraction of photometry in the individual frames.



As discussed, the INT data suffers from a number of fac-
tors which make it sub-optimal for blind stacking. Key
limitations include the small number of frames per point-
ing (generally only up to seven frames) and the signif-
icant deadtime between exposures. Deadtime increases
the motion between frames, and thus the number of paths
that must be tested, while failing to increase the data
quantity by a proportionate amount. Nevertheless, we
successfully increase our complement of recovered tar-
gets, allowing us to further probe the faint end of the
GSO population.

We present an updated brightness distribution for the
INT dataset in Fig. 8. As expected, the new stacking
detections augment the tail (faint) end of the original
distribution, pushing the sensitivity limit of the survey
fainter by roughly 1 magnitude. It is important to note a
general brightening relative to the ndings presented in
[14]. Here, we have corrected for the RSO range and sun
distance at the time of observation, normalising to stan-
dard references dRgso= 35786 km andRsyn= 1 AU,
respectively. All observations were carried out at a sim-
ilar solar phase angle (observer—target—sun).

Most stacking detections lie within the angular rate lim-
its we apply to identify RSO motion consistent with that
of circular GSO orbits. The stacking technique is more
sensitive to these slower-moving targets, for two key rea-
sons: faster motion will smear the target's signal across
more pixels, lowering the peak surface brightness and re-
ducing the signal-to-noise; and for longer streaks, more
paths need to be tested, resulting in an increased back-
ground level in the integrated image.

4. BRIGHTNESS VARIABILITY

Fig. 6: Extracted positions in hour angle—declination spa8@ important nding from the original survey analysis
for targets of interest detected in the RASA (black) ar@ [14] was that many of the faint, uncatalogued RSOs
INT (orange) survey frames. The top panel shows the f@gtected by the INT showed signi cant brightness vari-
sky coverage (all detections) for the survey, illustrating ti@®ility during the observation window. In the following
declination strip scanning strategy discussed in Sectiors@ction, we explore this variability more quantitatively.
The red shaded regions indicate the 8vation limit con- The re ected light from an orbiting body carries signa-

straining the INT pointing. A zoomed-in view of the boxegyres of its shape and attitude, convolved with sensor

region is provided in the bottom panel. There, we highligbharacteristics, atmospheric effects, and viewing geom-

the relative sizes of the INT (dark grey) and RASA (lighétry, |solating these in uences is challenging, and light

grey) elds of view. curve characterisation for space domain awareness re-
mains an active area of research [see, e.g., 33]. Numer-

ous studies have made use of photometric light curves to characterise [34—36] and classify [37—39] objects in near-

Earth orbit.

The trailing nature of near-geostationary detections in the INT frames enabled the extraction of high-cadence light
curves via the placement of apertures along the trails. Speci cally, discrete pixel-wide rectangular apertures were
used to avoid correlated noise injection. This method resulted in 10s segments (spanning the exposure time) of
closely sampled brightness measurements, separated by 25 s gaps due to the readout of the CCD mosaic. We refer the
interested reader to [14] for further details regarding the light curve extraction procedure.
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