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ABSTRACT

Context. Large and publicly available astronomical archives open up new possibilities to search for and study Solar System objects.
However, advanced techniques are required to deal with the large amounts of data. These unbiased surveys can be used to constrain the
size distribution of minor bodies, which represents a piece of the puzzle for the formation models of the Solar System.

Aims. We aim to identify asteroids in archival images from the ESA Hubble Space Telescope (HST) Science data archive using data
mining.

Methods. We developed a citizen science project on the Zooniverse platform, Hubble Asteroid Hunter, and have asked members of
the public to identify asteroid trails in archival HST images. We used the labels provided by the volunteers to train an automated deep
learning model built with Google Cloud AutoML Vision to explore the entire HST archive to detect asteroids crossing the field-of-
View.

Results. We report the detection of 1701 new asteroid trails identified in archival HST data via our citizen science project and the
subsequent machine learning exploration of the ESA HST science data archive. We detect asteroids to a magnitude of 24.5, which are
statistically fainter than the populations of asteroids identified from ground-based surveys. The majority of asteroids are distributed near
the ecliptic plane, as expected, where we find an approximate density of 80 asteroids per square degree. We matched 670 trails (39%
of the trails found) with 454 known Solar System objects in the Minor Planet Center database; however, no matches were found for
1031 (61%) trails. The unidentified asteroids are faint, on average 1.6 magnitudes fainter than the asteroids we succeeded in identifying.
They probably correspond to previously unknown objects.

Conclusions. Citizen science and machine learning are very useful techniques for the systematic search for Solar System objects in
existing astronomy science data archives. This work describes a method for finding new asteroids in astronomical archives that span
decades; it could be effectively applied to other datasets, increasing the overall sample of well-characterised small bodies in the Solar
System and refining their ephemerides.
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1. Introduction Understanding SSOs provides key constraints on the evolution of
. . the Solar System and on the evolution of other planetary systems.
Solar System objects (SSOs), asteroids and comets, represent In recent years there has been an exponential increase in

the remnants of the planetesimals that once formed the planets.  ,gter0id discoveries thanks to robotic telescopic surveys and
- - ] ) powerful detection algorithms. As of 10 December 2021, the
Full Table A.l is only available at the CDS via anonymous ftp  rbits of more than 1.1 million SSOs are listed by the Minor
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receipt and distribution of positional measurements of SSOs.
Most of these discoveries have been obtained with 1-2 m class
telescopes, such as Pan-STARRS? or the Catalina Sky Survey?,
as part of survey efforts dedicated to the observation and char-
acterisation of objects on near-Earth orbits. The magnitude limit
for individual exposures for such telescopes is approximately 23
mag or brighter, depending on the filter (Kaiser et al. 2010, Drake
et al. 2014, 2017).

Identifying faint asteroids is important as their distribu-
tion at the smallest sizes is poorly understood. Bottke et al.
(2015a) argue the wavy shape of the size distribution curve
is a byproduct of comminution as one goes to smaller sizes,
with its shape a fossil-like remnant of a violent early epoch.
Thus, in order to test the various collisional models, the key
data are represented by the smallest bodies, which are less well
known due to their faint magnitudes and can only be discovered
using large telescopes or from space. Moreover, small bodies
are those most affected by non-gravitational effects, such as
the Yarkovsky or the Yarkovsky—O’Keefe—Radzievskii—Paddack
(YORP) effects (Bottke et al. 2006; Vokrouhlicky et al. 2015),
and their long-term evolution is erratic (Bottke et al. 2015b).

While space-based observatories generally have smaller
fields-of-view (FoVs) compared to ground-based ones, they offer
a unique opportunity to study SSOs. For example, the Hubble
Space Telescope (HST) can observe a magnitude of up to V=27
for point sources (for a 1 h exposure; Ryon 2021) and, with an
image resolution of 0.09 arcsec, is able to resolve small displace-
ments. With images taken over more than three decades, the
HST archives provide one of the longest time baselines avail-
able for studying SSOs. Although they are not the target of HST
observations, the serendipitous detection of trails can enable an
unbiased study of asteroid occurrences and properties as well as
the recovery of interesting objects. An example is the serendip-
itous observation of (16) Psyche identified in Herschel images
(Racero et al. 2022).

In its 31 years of observations, HST has produced a rich
archive of hundreds of thousands of targeted observations of
nebulae, galaxies, clusters of galaxies, and gravitational lenses.
Occasionally, closer objects such as asteroids cross the tele-
scope’s FoV while the targets are being observed, leaving trails
in the images. More than two decades ago, Evans et al. (1998)
investigated the presence of asteroid trails in archival HST
images taken with its original camera, the Wide Field and Plane-
tary Camera 2 (WFPC2). Even though two new instruments have
been installed to replace the WFPC2, the Advanced Camera for
Surveys (ACS) and Wide Field Camera 3 (WFC3), the serendip-
itous presence of asteroids in the HST images has not received
more attention.

In 2019, on International Asteroid Day, we launched the
Hubble Asteroid Hunter* citizen science project on the Zooni-
verse platform, with the goals of visually identifying asteroids in
archival images from the European Space Agency HST (eHST)?
archive and studying their properties.

With a low rate of trails in the images, visually detect-
ing asteroid is time-consuming. Machine learning has shown
great potential as a method for classifying large amounts of
data rapidly and has been applied to tackle various problems in
astronomy: galaxy classification (Dieleman et al. 2015; Huertas-
Company et al. 2015; Walmsley et al. 2020, 2022), detection
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of strong gravitational lenses (Cafiameras et al. 2021), and esti-
mating photometric redshifts (Pasquet et al. 2019). Deep learn-
ing methods, and in particular convolutional neural networks
(CNNs), have recently been applied to automate the detection
of SSOs (e.g. Lieu et al. 2019; Duev et al. 2019).

In this study, we investigate the use of an automated machine
learning (AutoML) algorithm used for both the detection and
classification of trails in images from HST, both for trails pro-
duced by SSOs and for objects that can be confused with SSOs:
artificial satellites, artefacts (cosmic rays), and extragalactic
sources (arcs of strong gravitational lenses).

In Sect. 2 we discuss the HST data used in this study. Sec-
tion 3 describes the methods used for the work, citizen science,
and deep learning. In Sect. 4 we present the results, and in Sect. 5
we discuss their implications. The final conclusions of the paper
are given in Sect. 6.

2. Hubble observations and data used

This project uses images from the HST Advanced Camera for
Surveys Wide Field Camera (ACS/WFC) and the Wide Field
Camera 3 Ultraviolet and Visible Channel (WFC3/UVIS). These
are the two HST instruments with the largest FoVs, which there-
fore have the highest chance of containing asteroid trails. We
refer the analysis of near-infrared images from WFC3/IR channel
to a later work. SSOs, with a spectral energy distribution approx-
imately of a G2 star, are fainter at 1-2 um. Additionally, the
smaller FoV, different resolution, and various artefacts present
in the near-IR images make it more difficult to identify asteroid
trails in these images and directly compare them with the optical
images.

The images were processed using the standard pipeline cal-
ibration settings and were taken directly from eHST. Individual
dithered observations are aligned and processed by DrizzlePac®
(Gonzaga et al. 2012) for geometric distortion corrections and
combined to remove cosmic rays. However, this correction tech-
nique is not suitable for moving targets, such as asteroids. The
DrizzlePac algorithm flags the trails produced by moving targets
as cosmic rays and attempts to remove them. These can appear
as residuals in the composite images, which remain visible in
the archival images. Identifying trails on individual, HST short
exposures is challenging due to the presence of many cosmic
rays, which may induce a high number of false positives. More-
over, combining multiple images together, as in the case of HST
composite images, makes the trails appear longer so easier to
detect. One example of an asteroid trail in the combined HST
observations is shown in Fig. 1. Asteroids often appear as curved
streaks due to the parallax induced by the orbital motion of HST
during the exposures and the moving asteroid. Depending on
distance to the asteroids, the pointing of HST, and the relative
motion of the asteroid compared to HST, they appear as having
a gentle curvature, a ‘C’ shape, or a more extreme ‘S’ shape.

In this project, we analysed archival Hubble images taken
between 30 April 2002 (when the ACS camera was installed)
and 14 March 2021 for ACS/WFC and 24 June 2009 (when the
WEFC3 obtained first light) and 14 March 2021. Therefore, the
analysis is complete with data taken and publicly available in the
HST archives up to 14 March 2021. We note that observations
based on general observer (GO) proposals are available in the
HST archive one year after they were taken; therefore, the last
GO observation analysed were taken on 14 March 2020. HST

6 https://hst-docs.stsci.edu/drizzpac
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Fig. 1. Classification interface of the Hubble Asteroid Hunter (www.asteroidhunter.org) citizen science project. Individual users are asked to
inspect HST image quadrants for asteroids and mark the beginning and end point of trails in the images. Markings from ten users are aggregated
into a final classification. The asteroid trail is visible as a ‘C’ shape in the bottom right of the exposure. There are gaps in the trail as the displayed
cutout is an HST composite exposure. The white arrow shows the position of the trail.

Table 1. Number of archival HST composite images and cutouts
analysed in this paper.

Instrument  Field-of-view No. images No. cutouts
ACS/WEC 202" x 202" 24731 98 924
WEFC3/UVIS 160" x 160" 12592 50368

Snapshot observations are available in the archive immediately
after they were acquired and they were analysed up to this date.

All the composite HST images were selected from eHST
based on the following criteria: an exposure time greater than
100 seconds and a FoV greater than 0.044° (to exclude sub-
frames). We excluded the grism spectral images, as the spatially
extended spectral ‘wings’ can be confused with trails, and cal-
ibration images. In the case of the WFC3/UVIS images, we
excluded images for which the targets were ‘Dark’ frames.

We used a total of 37323 HST composite images in PNG
format available from the eHST archive (the exact same as avail-
able in the Hubble Legacy Archive database). In order to improve
the detection of short trails, and the display of the images on
the project website, we split the PNG images equally into four
equal quadrants. Each quadrant is approximately 1050 pixels on
a side and covers a sky area of 101" x 101" (for ACS) and 80" X
80" (for WFC3/UVIS). We refer to these quadrants as ‘cutouts’.
The total number of images and cutouts used in this study is
shown in Table 1.

3. Asteroid identification methods

We employed a novel method for identifying asteroid trails in
HST images, combining citizen science and deep learning.

3.1. Hubble Asteroid Hunter citizen science project

The Hubble Asteroid Hunter citizen science project was built
using the Zooniverse Panoptes Project Builder and launched on
21 June 2019, ahead of International Asteroid Day, and finished
a year later, in August 2020. It attracted 11 482 volunteers who
provided nearly 2 million classifications for the HST cutouts.

A screenshot of the classification interface is shown in Fig. 1.
The HST cutouts are displayed together with a simple question
regarding the presence of asteroids in the images: whether or
not there is an asteroid trail visible in the images. To famil-
iarise the volunteers with the appearance of asteroid trails in HST
images, we set up a second workflow (‘Training’) in which users
could choose to classify 20 HST cutouts, half of which contained
pre-selected asteroid trails. Finally, after classifying an image,
volunteers can comment on it in the forum of the project, Talk’.

3.1.1. Workflow

The project consisted of a main workflow (visible in Fig. 2),
where we asked the volunteers whether there is an asteroid trail
present in the images. If the answer was positive, the users were
asked to mark the beginning and end of the asteroid trail with
a purposely designed marker tool. If the answer was negative,
a new image was presented. In addition, there is an ‘Impossible
to tell” option in case the images were bad and it was impossi-
ble to tell whether an asteroids was present. This was the case,
for example, for images where HST lost tracking and all objects
appeared trailing.

7 https://www.zooniverse.org/projects/sandorkruk/
hubble-asteroid-hunter/talk
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Is there an asteroid trail visible in the images?

l | |

“ Impossible to tell

Mark the beginning and end position of > >
the asteroid trail in the image (e e e Lot i T2

Is there any other asteroid trail visible in the image?

l

Load next image

Mark the beginning and end position of
the asteroid trail in the image

Load next image

Fig. 2. Main workflow of the Hubble Asteroid Hunter citizen science
project.

The volunteers could mark a second asteroid trail in the
cutouts if it was present. We did not include an option to clas-
sify more asteroids, as it is very unlikely that there are more than
two asteroids in a quadrant.

3.1.2. Volunteer training

At first, volunteers might not be familiar with the appearance
of an asteroid trail in the images. To train the citizen scientists,
we provided a tutorial for first time users and a separate work-
flow with a high fraction of asteroid trails; more example images
of asteroid trails are shown in the Field Guide as well as in the
‘Need some help with this task’ section.

The tutorial explained the goals of the project and introduced
the task and the typical appearances of trails in the images, the
tools available to visualise the images (pan, zoom, and inverting
the colours of the image), and objects that could be confused
with asteroid trails.

A second workflow, which had the same structure as the
main workflow, was available for training. This workflow con-
tained 20 images, ten (50%) of which contained asteroid trails
of various brightnesses and lengths. Volunteers were prompted
to finish classifying these images before proceeding to the main
classification task.

Hubble Asteroid Hunter also provided a static reference set
of images for volunteers to consult when in doubt about a par-
ticular image. The ‘Field Guide’ contained example images of
asteroid trails and some common false positives, such as cos-
mic rays, ‘X’-shaped diffraction spikes from stars outside the
FoV, edge-on galaxies, satellite trails, and arcs from gravita-
tional lenses in clusters of galaxies. All these features appear as
trail-like in the images. Cosmic rays are common, and although
the DrizzlePac algorithm is designed to reject them when com-
bining multiple dithered frames, they occasionally appear as
subtracted features in the images, which might appear similar to
asteroid trails. The difference compared to asteroids is that they
are straight, are narrower (not convolved with the point spread
function of the instrument), and have a non-uniform brightness.
Satellite trails can have a similar width as asteroid trails, but
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Fig. 3. Probability of an HST cutout having an asteroid trail, no asteroid
trail, or impossible to tell, as voted by ten volunteers on the Hubble
Asteroid Hunter project. The distribution is plotted on a log-scale in
order to show the low number of positive classifications.

they are straight and cross the entire FoV and are therefore rela-
tively easy to distinguish from asteroids. Gravitational lens arcs,
on the other hand, appear curved, similar to asteroid trails, and
are abundant in the images of clusters of galaxies, which are fre-
quently observed by HST. The arcs, however, are more irregular
in shape compared to asteroids and bend around a central object;
therefore, they can be distinguished from asteroid trails. The vol-
unteers on the project tagged objects that can be confused with
asteroid trails using hashtags (#satellite, #cosmic_ray and #grav-
itational_lens) on the forum of the project. We used these tags in
training the automated object detection algorithm described in
Sect. 3.2.

3.1.3. Volunteer classifications

The data in the Hubble Asteroid Hunter citizen science project
consisted of a subset of all the HST ACS/WFC and WFC3/UVIS
archival images presented in Table 1. Specifically, they consisted
of images taken up to 24 April 2020 that had an exposure time
greater than 300 seconds. By July 2020, 11 482 volunteers pro-
vided 1783 873 classifications for 144 559 cutouts. The mean
number of classifications per user is 155, with individual counts
ranging from 1 classification per user to 85 333.

We investigated 144 559 cutouts, of which 132878 were
unique (91 760 ACS and 41 118 WFC3/UVIS cutouts) and 11 681
were uploaded twice to the project. Each cutout was inspected by
ten volunteers. For each cutout, we calculated the probability that
it contains an asteroid trail (pasteroid), by dividing the number of
positive classifications by the total number of classifications. In
Fig. 3, we plot the probability of a cutout having an asteroid trail,
not having an asteroid, and impossible-to-tell (the three classifi-
cation options in the project). We took as positive classifications
those where the majority of users said it contained an asteroid,
Dasteroid > 0.5, resulting in a total of 1488 asteroid trails. There-
fore, the volunteers in the project found asteroid trails in only 1%
of the cutouts. We aggregated the markings of the volunteers for
the beginning and end point of the trails using a point cluster-
ing algorithm, Hierarchical Density-Based Spatial Clustering of
Applications with Noise (HDBSCAN; Campello et al. 2013). A
cluster of points (volunteer clicks) was defined as a group of five
or more points clustered together (minimum cluster size = 5)
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and minimum samples (which provides a measure of how con-
servative the clustering should be) of 5. In the majority of cases
where trails were correctly identified, changing the parameters
of HDBSCAN to a larger value had negligible effect on the
aggregated positions of the beginning and end point of the trails.
The aggregated positions of the trails were used in Sect. 3.2 to
train the AutoML object detection algorithm as well as to pro-
duce smaller cutouts for extracting the trails and performing the
photometry.

3.1.4. Additional science cases

The HST archives are rich and diverse in the content of astro-
nomical objects. Since it is the first time that humans have
visually explored the entire archive in a coordinated fashion,
after starting the project we identified several additional science
cases. These science cases are related to the identification of rare
objects in the archives. Rather than diluting the main science
case by adding an additional question to the main workflow,
we asked volunteers to tag (with #gravitational_lens, #ring, or
#dwarf) rare objects on the project forum, Talk. Rare objects
include strong gravitational lens candidates, collisional and polar
rings, and dwarf galaxies. All these objects are subject to further
scrutiny by the science team, and they will be catalogued and
studied in future publications.

3.2. AutoML object detection

We used the classifications provided by citizen scientists from
the Hubble Asteroid Hunter to train an automated multi-object
detection algorithm based on CNNs, Google Cloud AutoML
Vision®. In deep learning, designing the most suitable model
is a time-consuming task because of the large space of all pos-
sible architectures and parameters. AutoML is an approach for
automating the design of machine learning models using a neural
architecture search algorithm based on reinforcement learning
(Zoph & Le 2016). Zoph et al. (2017) find that AutoML can per-
form on par with neural networks designed by human experts
when testing on the COCO and ImageNet datasets’. Automated
deep learning algorithms, such as AutoML, have been success-
fully applied for different use cases, such as medical image
classification (Faes et al. 2019; Korot et al. 2021), detecting inva-
sive carcinoma (Zeng & Zhang 2020) or predicting COVID-19
from patients’ CT scans (Arellano et al. 2021).

We found that training the AutoML model with only asteroid
trails produces many false positives, as badly subtracted cosmic
rays or arcs from gravitational lenses in clusters can have a simi-
lar appearance. So that the AutoML Vision model distinguishes
between them, we trained the model with four labels: satellite,
asteroid, gravitational lens arc, and cosmic ray (all of which pro-
duce trail-like features). Therefore, we can detect all four types
of objects separately in the cutouts. Besides a classification and
score, the AutoML object detection algorithm returns bounding
boxes for each identified object (He et al. 2021).

From the visual classification of citizen scientists, we used
a total of 1488 asteroid labels and 1343 cosmic ray, 648 grav-
itational lens arcs, and 1673 satellite labels (based on the tags
on Talk). We split the sample into 70% training set, 15% valida-
tion, and 15% test set, using a random selection. The validation

8 https://cloud.google.com/vision/automl/
object-detection/docs

9 https://ai.googleblog.com/2017/11/
automl- for-large-scale-image.html
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Fig. 4. AutoML model performance for asteroid trail detection. The left
plot shows the precision vs. recall curve, and the right plot shows both
the precision and recall curves as a function of the confidence threshold.
In both cases, the circles show the precision and recall values for the
50% confidence threshold we used for this project.

set is used by AutoML to fine-tune the preprocessing, architec-
ture and hyperparameter optimisation and to validate the results.
We use the test set to assess the performance of the model we
trained. Our model achieves a precision of 78.3% and a recall
(completeness) of 61.1% on all labels, with a score threshold of
0.5 and an intersection-over-union (IoU) of 0.5. For the partic-
ular case of asteroid trails, our AutoML model achieves 73.6%
precision, 58.2% recall (or completeness), and 65.0% F1-score.
The metrics from our model are shown in Fig. 4.

3.3. AutoML classifications

Our aim in using an automated deep learning classifier is to
extend the detection of asteroid trails when new data reach the
eHST archive. Our AutoML classification of 149292 cutouts,
including the dataset classified by the volunteers and described
in Sect. 3.1.3 and new images available in the archive as of 14
March 2021 (thus extending our analysis with data for almost
one year), returns 2041 asteroid trails. See examples of two such
asteroid trails identified by AutoML in Fig. 5. We cross-matched
this set with the volunteer classifications from Hubble Aster-
oid Hunter. We find 1044 common objects, using a positional
matching tolerance of 4 arcsec for WCF3/UVIS and 5 arcsec for
ACS/WEFC. These values are conservative, taking into account
the average object detection bounding-box size yielded by the
AutoML algorithm (=10 arcsec). There are 997 new asteroid trail
candidates identified by AutoML. This brings the total number
of asteroid trails detected by citizen scientists and AutoML to
2487.

Asteroid trails appear in two different ways in HST
ACS/WFC and WFC3/UVIS images: (1) bright trails have their
central part removed by the DrizzlePac cosmic ray rejection
algorithm, but with the edges of the trails left visible; (2) in
the case of faint asteroids, the trails are below the threshold
for cosmic ray rejection and are not affected. To calculate the
threshold, the cosmic ray rejection algorithm compares the com-
posite median image to individual exposures, taking expected
alignment errors and noise statistics into account (Gonzaga et al.
2012).

Asteroid trails have a different shape compared to cosmic
rays. While cosmic rays are often removed completely by the
rejection algorithm, the asteroids trails, having shapes convolved
with the point spread function of the telescope, are never com-
pletely removed (the edges are still visible in the composite
images). Our image detection algorithm and the citizen scientists
were trained using both types of asteroid trails: erased (but

A85, page 5 of 15
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(b)

Fig. 5. Examples of two asteroids identified by the AutoML deep learning model in the vicinity of galaxies HCG007 (a) and HCGO059 (b). Bounding
boxes show the position of the trails as detected by the AutoML algorithm. The score in the upper-right part of the images shows the classification

confidence of the model.

with edges visible) and not erased by the cosmic ray rejection
algorithm. The completeness of our study is therefore domi-
nated by the performance of our detection algorithm, which was
also trained to distinguish cosmic rays that were not completely
erased (see Sect. 3.2). The DrizzlePac cosmic ray rejection algo-
rithm applied to asteroids trails has a negligible contribution to
the completeness of our sample.

3.4. Trail processing

We detected 2487 trails. All of them were visually inspected by
three of the authors (SK, PGM, and MP) using the project on
the Zooniverse platform, and we identified 1790 valid trails, 410
cosmic rays, and 287 false identifications (no trail or trails for
which the identification was ambiguous, i.e. not validated by all
three of us after the visual inspection). We removed 65 trails
that were associated with HST observations targeting SSOs. Of
the 1725 remaining trails, 24 were identifications of two trails
very close to each other or that intersect in the composite images.
Since their trail processing and photometry requires a special
treatment, we left them for further assessment and excluded them
from this dataset. Our final dataset consists of 1701 trails, found
in 1316 HST composite images.

The next step of data processing was to retrieve the astro-
metric positions — right ascension (RA) and declination (Dec)
— and the total flux. Once this information was computed, we
could identify the trails corresponding to known SSOs. To per-
form these two tasks, we designed two software pipelines: (1)
the Trail Extractor, used to extract the trail from the cropped
images and to compute the astrometric and photometric prop-
erties; and (2) the Trail Matching pipeline, used to identify the
corresponding SSOs.
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The cropped images with asteroid trails used for Trail Extrac-
tor were generated by going back to original raw .fits images and
re-processing them with DrizzlePac, overriding the cosmic ray
rejection step, which may delete a considerable number of pixels
in the trail (see Sect. 3.3).

The Trail Extractor pipeline is used to retrieve the trail from
the .fits files and to obtain the calibrated astrometric and pho-
tometric data. First, the (x,y) position and the flux, provided in
terms of analogue to digital units (ADU), are determined for
each point along the trail path. The algorithm is implemented
using GNU Octave software (Eaton et al. 2020). Its schematic is
shown in Fig. 6. The first task is to determine the trail and its
centre. This is done by finding the maxima along each column
from the image cutout (in some cases the image is transposed in
order to have its longest dimension on the x-axis, i.e. the number
of columns larger than the number of rows). An outlier removal
procedure is used in order to keep only the pixels belonging to
the trail. A curve that marks the centre of the trails is traced
along the (x,y) positions of the pixel maxima using the splinefit
function from GNU Octave.

An aperture of nine pixels wide is used to determine the flux
(this is done by summing the pixel values) on each column by
following the trail centres. The background is estimated as a
median value of the adjacent pixels (as shown in Fig. 6) and then
subtracted. The (x,y coordinates) corresponding to trail centres
are converted to (RA, Dec) using the world coordinate system
(WCS) parameters provided in the .fits file. The reported astro-
metric precision of the WCS solution in the HST images used
for this work is 0.3 arcsec or better, according to Space Telescope
Science Institute (STScI)'”. The total flux of the trail (F[ADU])

10 https://outerspace.stsci.edu/pages/viewpage.action?
spaceKey=HAdP&title=Improvements+in+HST+Astrometry
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Fig. 6. Schematic of the trail extraction. The red line shows the middle
longitudinal section of the trail. The red rectangle shows the aperture
(bordered by the two cyan lines) for computing the flux. The violet
regions are used for estimating the background value.

expressed in electrons per second is converted to magnitude.
Eq. (1) describes this transformation'!:

mag = — 2.5log,y(F) —2.51og,((PHOTFLAM)

1
—2.5log,((PHOT PLAM) — 2.408, (D

where PHOTFLAM is the inverse sensitivity and represents the
scaling factor necessary to transform an instrumental flux in
units of electrons per second to a physical flux density, and
PHOTPLAM is the pivot wavelength provided in the header and
used to derive the instrumental zero-point magnitudes. This for-
mula is applied correctly if the object was in the FoV during the
entire exposure. Otherwise, we had to apply a scaling factor pro-
portional with the time interval during which the object was in
the exposure.

The TrailExtractor method works well for trails with high
signal-to-noise ratio of individual points (e.g. larger than 5). It
can fail for trails that have a low signal-to-noise ratio (smaller
than 3). For those where it failed (in about 33% of the cases),
we manually provided some additional positions along the faint
line in order to help the algorithm identify it. This task was done
using the Zooniverse interface during the visual inspection of all
trails by the authors.

3.4.1. Timing accuracy

To determine the sky position of an SSO, we need to know the
precise moment of its observation. Thus, the error for determin-
ing the beginning and the end (the margins) of a trail translates
into a time uncertainty for the reported trail. These possible
errors are of three types. The first is the error introduced by
the detector noise. This error is negligible for trails with high
signal-to-noise ratio, but it can be misleading for trails at the
detection limit. The second is the error introduced due to back-
ground sources or cosmic rays at the edges of the trail. The third
is the error introduced if the object was not in the FoV for the
entire exposure (i.e. the object entered in or went out of the FoV
during the image exposure). This is the most significant error as
we do not know for how long the object was imaged.

We identified trails in the composite exposures. In order to
quantify the total time (trailexp) when the SSO was in the FoV

' https://www.stsci.edu/hst/instrumentation/acs/
data-analysis/zeropoints

we examined the individual images for the appearance of corre-
sponding trail. The fact that trailexp time could be smaller than
the total exposure time of the stacked image (imageexp) trans-
lates into a magnitude correction for Eq. (1). This is equal to

@)

trail
Am=25x logm( railexp )

imageexp

3.4.2. Identifying the Solar System bodies (TrailMatching)

In order to identify the known SSOs that generated these trails,
we need the accurate time of the observation and the accurate
position of the object. As a first approximation, we took the aver-
age position of each trail and the moment corresponding to the
middle of the exposure time of the composite image. This infor-
mation was used as input for SkyBoT!? (Berthier et al. 2006,
2016). Using this tool, we performed a cone search, with a radius
of 900 arcsec (this larger field was used in order to account for
all various uncertainties), for all asteroids potentially associated
with this trail.

Because of the wide-cone used for the search, a number of
22748 known SSOs were found as possible candidates. For all
these candidates we retrieved the predicted ephemerides using
the online Jet Propulsion Laboratory (JPL) Horizons service'?,
considering the orbital position of HST. The ephemerides were
obtained using a step of 1 min for the entire interval correspond-
ing to the composite exposure. Then we searched for the best
match between the predicted coordinates for each SSO and the
corresponding trail coordinates observed by HST by using the
approximate distance formula, dp_¢ (Eq. (3)). We assumed a 3%
error in the exposure time (this value was selected as a rough
estimation to account for the precision in identifying the start of
the trail) and searched for SSO matches within this error. Since
we do not know the direction of the asteroid’s motion a priori,
we considered both directions in the matching:

do-c = Jlcos(Decyea) - (ARA)P + (ADec)?

ARA = RApred - RAObS ’ (3)
ADec = Decpred — Decobs

Thus, by considering a threshold dp_¢ < 3", we found 670
matches (trails associated with known SSOs). These correspond
to 454 unique known SSOs. An example of a successfully
matched trail is shown in Fig. 7.

The reason for using a 3” tolerance to identify the known
objects is not solely due to the WCS astrometric precision (0.3";
see Sect. 3.4). It is also related to the accuracy of identifying
the beginning and the end of the trails (in particular for the low

signal-to-noise ones), as described in Sect. 3.4.1.

4. Results

Using the two methods to detect asteroids in the HST images,
citizen science and deep learning, we identified a final sample
of 1701 trails corresponding to SSOs in 1316 composite HST
images. Of these, 670 trails correspond to known SSOs. We refer
to the sample of 670 trails as ‘identified’ asteroids and remaining
1031 trails as ‘unidentified’. We present the results of our search

12 https://ssp.imcce. fr/webservices/skybot/
3 https://ssd.jpl.nasa.gov/horizons/
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Fig. 7. Example of matching between the trail observed by HST and the
ephemerides data computed with a time step of one minute using the
JPL Horizon web service. In this case, the Main-Belt asteroid (167339)
2003 UN308 was identified. The title shows the median and the aver-
age of the observed minus predicted position of the asteroid (the unit is
arcseconds).

for SSO trails in the HST archives, including identified trails
(with the associated SSO) and the unidentified ones in Table A.1.

We find, on average, asteroid trails in 1% of the cutouts or
in 3.5% of the HST composite images available in the eHST
archive. We plot the fraction of HST composite images with
detected asteroids as a function of the HST filter used for obser-
vations in Fig. 8. When split by filter, we find that the V (F475W,
F555W), R (F606W) and I bands (F775W, F814W) contain
the highest fraction of objects, 5%. The UV filters (<400 nm)
contain the lowest fraction of asteroids, <1%, despite imaging
similar regions of the sky. This implies that it is difficult to
identify asteroids in the UV, where SSOs are less bright and
the magnitude limit of the observations is lower. It is not unex-
pected that fewer SSOs are observed in the blue and UV filters
as asteroids reflect the incident sunlight and the solar irradiation
intensity is largest in the visible (peaking in the V bands).

We plot the distribution of the measured apparent mag-
nitudes of the objects in Fig. 9a. The measured magnitudes
for the identified asteroids match the published values in the
MPC database well, as shown in Fig. 9b. The scatter is due to
using different filters to identify asteroids in HST, whereas the
MPC magnitudes are reported for the V band (centred around
0.55 pm). The V-band magnitude of the asteroids observed in
the HST images cannot be computed with certainty due to the
variable spectral energy distribution of asteroids based on their
surface composition. As such, we do not attempt to convert the
observed magnitudes into the catalogue ones. The distribution
of the differences in magnitudes is skewed towards positive dif-
ferences as many asteroids exhibit a strong decline in spectral
reflectance towards 0.9 pum, close to the observation wavelengths
of the HST exposures (DeMeo et al. 2009).

It is immediately clear in Fig. 9a that the unidentified aster-
oids have fainter magnitudes compared to the those matched
with known SSOs. The identified asteroids have a broad dis-
tribution of magnitudes, with a median of 21.5 mag and o of
1.4 mag, whereas, the median magnitude for the unidentified
objects is 1.6 mag fainter, 23.1 mag and o of 1.1 mag. While
there is an overlap between the two distributions, there are sig-
nificant differences: only 20% of objects fainter than 22 mag
have been identified with known SSOs. On the other hand, 17%
of objects with magnitudes brighter than 21 mag have not been
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Fig. 8. Fraction of HST composite images with detected asteroids, split
by filter (for the eight most common filters for each instrument and for
the two instruments, ACS/WFC and WFC3/UVIS.
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Fig. 9. Distribution of apparent magnitudes for the SSOs identified in
the HST images. (a) The measured magnitudes for the identified objects
(blue bars) and for the objects for which we did not find any asso-
ciations with known SSOs (orange bars). (b) Difference between the
measured magnitude in the filter of the HST observation and the V-band
magnitude in the MPC database for the identified asteroids.

identified. This demonstrates the potential of HST to image and
detect unknown, faint asteroids.
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Fig. 10. Distribution on the sky of the SSOs identified in the HST images in Mollweide projection. The blue stars show the identified, known
asteroids. The orange circles show the location of objects for which we did not find any associations with SSOs. The ecliptic is shown with red.
The two gaps in this plot correspond to the Galactic plane, which was not observed by HST.

Next, we investigated the distribution on the sky of detected
SSOs. In Fig. 10 we plot the RA and Dec of the asteroids,
split into known and unknown SSOs. Most asteroids depict
small ecliptic latitudes, as expected for the products of the col-
lisional processes during the formation of the Solar System
(Morbidelli et al. 2015). In Fig. 11a we plot the distribution of
the ecliptic latitudes (b) of the observed asteroids. Unidentified
asteroids show a wider distribution of ecliptic latitudes (o= 17°
vs. 0 =10°) similar to the report by Mahlke et al. (2018) and
Carry et al. (2021) on SSO discoveries with the Kilo-Degree Sur-
vey (KiDS) and Gaia, respectively. There are only seven known
asteroids at |b| > 30° and 64 unidentified asteroids at |b| > 30°.
6% of all the unidentified ones are at high ecliptic latitudes
(16| > 30°), suggesting highly inclined orbits. This shows the
potential of HST in observing small asteroids with high inclina-
tions. In Fig. 11b we plot the sky density of detected asteroids as
a function of ecliptic latitude. We detect 55 asteroids up to a mag-
nitude of 24.5 mag per square degree up to b = 15°, on average, in
the HST archives (58 in ACS/WFC and 41 in WFC3/UVIS). As
expected, the density decreases from ~80 asteroids per square
degree at b=0° to ~1 asteroid per square degree at b > 30°.
This value is smaller compared to the result of Heinze et al.
(2019) who found a density of 455 + 13 asteroids by using the
Dark Energy Camera (DECam) mounted on the 4 m Blanco
Telescope. The difference is explained by the observing strategy.
They observed a single field at opposition from the Sun (where
we expect the observed asteroid density to be maximum), using
broadband filters (mostly the V and R). Our results are obtained
using HST observations taken at various phase angles, mostly
with narrow-band filters covering various wavelength ranges,
and therefore without the optimal conditions to image asteroids.

Finally, we investigate the sky motion (differential rates) of
the asteroids we found in the HST images. We calculate the sky
motion for each object with the measured (curved) trail lengths
and the time interval between the start of the first exposure and

the end of the last exposure used to obtain the stacked image.
Because HST moves along its orbit during the exposure, the par-
allax effect must be taken into account. For a Main-Belt asteroid,
this is of the order of ~10 arcsec, which is comparable with
the trail lengths we are detecting. The parallax effect, and the
properties that can be derived from it, will be analysed in a future
article.

We plot the distribution of sky motions in Fig. 12. This dis-
tribution is confined to between 0.01 and 2 arcsec/min, with only
eight objects having an average differential rate larger than 3 arc-
sec/min, all of which are unknown. Their sky motion is typical
for near-Earth asteroids (NEAs).

Near-Earth asteroids are fast moving objects that could cross
the entire FoV and, in principle, be misidentified with satellite
trails. This may occur for apparent motions larger than 16-20
arcsec/min (estimated by taking into account the size of the FoV
and the median exposure time of ~10 min for a single image;
although the asteroid may be imaged in a corner of the detec-
tor and correspondingly the threshold would be lower). These
large apparent motions for NEAs occur when they are at sev-
eral lunar distances from Earth, or less, which is known to be
rare. Additionally, even high apparent motion NEAs are expected
to be affected by parallax and produce curved trails, whereas
the detected satellite trails are straight (they are crossing the
FoV in a few seconds). In most cases, satellite trails (studied in
a dedicated future publication) are easily distinguishable from
asteroids because they are bright, cross the entire FoV and do
not show the parallax effect.

The lower limit (0.01 arcsec/min) of this histogram is given
by our trail detection method. Although we found 20 trails that
correspond to a differential rate less than 0.1 arcsec/min, which
may correspond to distant, Centaur-type asteroids or trans-
Neptunian objects (TNOs), we did not identify any of these trails
with known distant objects. We were able to identify some of the
long-period comets and TNOs that were targeted on purpose by
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Fig. 11. Distribution of asteroids identified in HST images by eclip-
tic latitude. (a) Number of identified (blue) and unidentified (orange)
objects by ecliptic latitude. (b) Number density of detected asteroids
with magnitudes <24.5 mag, as a function of ecliptic latitude, for the
two HST instruments. The errors are the 68% (1o°) confidence limits
from the Wilson (1927) binomial confidence interval.

HST (i.e. with optimal observing conditions). As these were tar-
geted observations, they were not included in our list. The main
reason for the absence of short trails associated with TNOs is
the detection method used, which is not optimised for very short
trails (less than ~20 pixels). Thus, any object that had an appar-
ent trail shorter than ~1 arcsec will likely not be detected (it will
be considered as a background source).

4.1. Identified objects

We identified 670 trails with known SSOs, as described in
Sect. 3.4.2. They correspond to 454 individual SSOs, 147 aster-
oids appearing in more than one image (some consecutive
exposures contain the trails of the same asteroid). Thirty-three of
them appear in at least three different images. We plot the distri-
bution of the identified asteroid orbital classes in Fig. 13. Out of
these, 433 (95%) are Main-Belt asteroids (inner, middle, outer,
Cybele, or Hilda) and only 21 (5%) are of other types, including
nine Hungarias, eight Mars-crossers, and four NEAs. The deep
view of the HST instruments is once more apparent: the most
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Fig. 13. Distribution of asteroid orbital classes for the 454 objects iden-
tified with known SSOs. The asteroid classes are sorted in ascending
order based on the semi-major axes of their orbits.

observed orbital population is the outer Main Belt, where aster-
oids are more numerous, farther away, and in general darker than
the objects in the inner Main Belt (DeMeo & Carry 2014).

An example of a known asteroid identified by citizen scien-
tists in the project'*, which passed in front of the Crab Nebula
(M1) on 5 December 2005, is shown in Fig. 14. It was identified
as Main-Belt asteroid (190838) 2001 SE101, discovered by the
ground-based LINEAR survey in 2001.

Another example of an asteroid, identified as Main-Belt
asteroid (213568) 2002 LX55, detected using AutoML, passing
in front of the nearby spiral galaxy NGC 5468 on 29 December
2017 is shown in Fig. 15. As HST was not designed to sur-
vey SSOs, this dataset contains asteroid trails passing in front
of some famous extragalactic targets such as nebulae, nearby
galaxies, or galaxy clusters.

The stacked images are derived from individual exposures
obtained in time intervals of 30-60 min (on average). Thus, it is
possible to observe the variation in the flux along the asteroid
trails and, therefore, extract the light curve of the asteroids.

4 And highlighted as an ESA image of the week - https://www.esa.
int/ESA_Multimedia/Images/2019/10/Foreground_asteroid_
passing_the_Crab_Nebula
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Fig. 14. Asteroid (190838) 2001 SE101 passing in front of the Crab
Nebula (M1) in observations with the HST ACS/WFC F550M band
(observation j9fx11010), taken on 5 December 2005. The pseudo-colour
composition with F606W and F550M filters was generated by citizen
scientist Melina Thévenot.

0.59

&

asteroid

Fig. 15. Asteroid (213568) 2002 LX55 moving between two exposures
in front of galaxy NGC 5468 in observations with the HST WFC3/UVIS
F555W and F814W bands (observations idgg52020 and idgg52030),
taken on 29 December 2017. This asteroid was detected with AutoML.
The colour composition with FS55W and F814W filters was generated
by citizen scientist Claude Cornen.

In Fig. 16, we plot the light curve of Main-Belt asteroid
(114755) 2003 HP44, varying in magnitude Am =0.6 mag over
a time-span of 135 min. Taking into account the median rota-
tion period for the asteroids, which is 6.3 h (value computed by
using the data available in Asteroid Lightcurve Database'?), we

5 https://minplanobs.org/mpinfo/php/lcdb.php
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Fig. 16. A possible scientific use case of the trails identified in HST
images. (a) Light curve of asteroid (114755) 2003 HP44. (b) Corre-
sponding four trail segments. The data correspond to a time span of
135 min.

can study the light curve of asteroids for ~15% of their period.
We defer the analysis of light curves for a future study.

4.2. Unidentified objects

Unidentified objects are currently being analysed (see Sect. 5.2),
and so far we can only evaluate them using their apparent mag-
nitude, speed, and trail shape. The distributions of sky motions,
shown Fig. 12, are the same for the known and unknown
objects. Therefore, we expect the unidentified objects to have
a similar distribution in the orbital classes as the known ones
(Fig. 13). Nevertheless, the distributions of apparent magni-
tudes (in Fig. 9a) shows that they are fainter and, thus, smaller
objects. The alternative scenario (same size objects but at larger
distances) should give a different proper motion distribution.
We show some interesting unidentified asteroids in the eHST
archives in Fig. 17, together with the associated ID number of
the HST observation.

We discuss a few objects that present interesting features.
Some trails present odd parallax shapes, for instance ‘S’ shapes
or almost a closed loop, such as the trail in j8pv03020. These
special features may be helpful to constrain the orbital parame-
ters from the parallax-induced curved trail shape (see Sect. 5.2).
Some asteroids, found close to the ecliptic plane, have mag-
nitudes fainter than 24 mag. These are potential candidates
for small Main-Belt objects (e.g. icphg2010, j9bk75010). Other
trails that are present at high geocentric ecliptic latitudes, have

A85, page 11 of 15


https://minplanobs.org/mpinfo/php/lcdb.php

A&A 661, A85 (2022)

Fig. 17. Examples of unidentified trails in HST observations. The HST observation IDs, clockwise, from the top left, are: j8pv03020, jds47w010,

j9bk75010, icphg2010, jdrz23010, and jeng06010.

large differential motions, and pass relatively close to HST are
candidates for Near-Earth objects (NEOs; e.g. jdrz23010).

An example of a particular trail corresponding to a fast-
moving object is in jds47w010. The curved long trail (based on
the trail speed rate) may indicate a very close object. Another
group of interest are objects with small differential rates and faint
magnitudes. These could be distant objects, which are difficult to
image from the ground (e.g. jcng06010).

5. Discussion

The use of archival data produced by imaging campaigns whose
primary science goals lie outside the Solar System is common
practice in asteroid science. There are several groups that used
various image archives to find and characterise SSOs. Some of
the most relevant results were presented by Gwyn et al. (2012),
Vaduvescu et al. (2013, 2017, 2020), Carry et al. (2016), Popescu
et al. (2016), Mahlke et al. (2018, 2019), Cortés-Contreras et al.
(2019), and Racero et al. (2022).

A detailed description of the small bodies in the Solar Sys-
tem puts constraints on the different Solar System formation
scenarios, which make concrete predictions on the size and
orbit distribution of objects as a function of time (Bottke et al.
2015a). In particular, both the giant planets migrations and col-
lisional cascades have effects on the asteroids size and orbital
distributions that could be detectable with specially purposed
observational surveys (Morbidelli 2005; Morbidelli et al. 2009).
However, since such surveys are expensive and hard to realise
due to competition for telescope time, we instead decided to
produce such a survey from a large archival dataset.

5.1. Comparison to previous work

Evans et al. (1998) presented a first analysis of asteroid
trails in HST images. Using a visual identification method on
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consecutively taken raw HST images, the authors found 230
images with moving objects in 28 460 WFPC2 images, corre-
sponding to 96 distinct objects. This was followed by an updated
study, which found 263 additional images with trails (corre-
sponding to 113 objects) in 75 000 WFPC2 exposures taken until
2000 (Evans & Stapelfeldt 2002). Instead of using the individual
HST images, in this work we used composite HST exposures. We
find 1701 asteroid trails in 37 323 composite images, which cor-
respond to 118 814 individual exposures (each composite images
is made, on average, by 3.2 individual exposures). Therefore, we
find that, on average, 1.4% of individual HST exposures con-
tain trails. This is slightly higher than the 0.8 and 0.4% found by
Evans et al. (1998) and Evans & Stapelfeldt (2002), respectively.
This difference can be explained by the different asteroid detec-
tion method used and the different instruments explored, ACS
and WFC3 having increased sensitivity over WFPC2 and larger
FoVs (202”and 160" vs. 150”).

Previous works have used artificial intelligence methods to
identify Solar Systems objects, either using ground-based obser-
vations (Ivezi¢ et al. 2001; Duev et al. 2019) or images obtained
from space observatories, such as simulated images for the future
Euclid mission (Lieu et al. 2019). These methods can also be
used to distinguish potential future Earth-impacting objects in
existing asteroid catalogues (Hefele et al. 2020). Additionally,
citizen science projects has also been used to discover NEAs
in existing surveys (e.g. in SDSS, Solano et al. 2014, or in the
Catalina Sky Survey, Beasley et al. 2013).

In this work, we suggest an additional practical approach:
combining citizen science and deep learning to mine entire
instrument archives, taking advantage of cloud computing
resources. This novel approach complements the unique chal-
lenges and capabilities of the HST exposures: a variety of
instrumental and observational parameters giving rise to a mul-
titude of asteroid trail characteristics in the images. Asteroid
trails in HST images have been known and referenced for a
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long time due to their clear and apparent paths, even for faint
objects, thanks to the unique HST characteristics. Nevertheless,
as outlined above, the recovery of these trails required a sophis-
ticated combination of human and artificial intelligence. While
the total number of recovered asteroid observations is a fraction
compared to the efforts on ground-based wide-field surveys, the
appeal in the HST trails is based in the remarkably faint objects
that are serendipitously captured.

5.2. Further work

The next step of our work will be to analyse the light curves from
the trails to detect rotational properties. Typical HST exposure
times range from several minutes to several hours, which limits
the detection of full light curves to fast rotating asteroids (longer
period objects would be difficult to distinguish). The parallax-
induced curvature of the trails in the images can be used to infer
asteroid orbital parameters (Evans et al. 1998). This is another
interesting axis of our ongoing work. Once the distance to the
object is estimated, we can obtain its absolute magnitude and get
an estimate of its size. This will be presented in a follow-up paper
of this project.

Finally, our study presents results of citizen science and deep
learning applied to detect asteroids in the eHST archive. An obvi-
ous follow-up task will be to use transfer learning to re-purpose
our classification algorithm to be applied to other datasets, both
from ESA missions and from other large astronomical datasets.
In particular, this methodology can be applied to classify the
multiple high-quality ground-based surveys. As our results sug-
gest, the heterogeneity of HST observations used for this project
has not been an obstacle for our algorithm to detect aster-
oids, so we would probably expect a better performance on a
survey-originated dataset.

6. Conclusions

We have performed a first large-scale exploration of the HST
archive of images taken in the last 20 years for serendipitously
observed trails of SSOs. For this, we built a citizen science
project on the Zooniverse platform, Hubble Asteroid Hunter, and
trained an automated classifier based on deep learning. We find
that:

— Asteroid trails appear predominantly as curved trails in the
HST images due to the parallax induced by the motion of
HST around the Earth.

— We find asteroid trails in 3.5% of HST composite images,
with a mean exposure time of 35 min, and in 1.4% of the
individual HST exposures.

— We detected 1701 asteroid trails, out of which we identified
670 trails (39%) with 454 known SSOs and did not find
matches for 1031 (61%) trails. These are probably new, yet
to be identified, fainter objects.

— Of the identified SSOs, 95% are Main-Belt SSOs and only
5% are other types (Hungarias, NEAs).

— The asteroids we detected are in the 18—25 magnitude range.
Asteroids that were not matched with known SSOs are
1.6 magnitudes fainter, on average, compared to the known
SSOs. This suggests that HST is more sensitive to fainter
objects than what is accessible from the ground.

— Of the detected asteroids, 96% are within 30° of the eclip-
tic and only 4% are at higher ecliptic latitudes, which is
suggestive of highly inclined orbits.

— We find a sky density of 80 asteroids per square degree for
asteroids with magnitudes <24.5 mag close to the ecliptic,
which decreases to ~1 asteroid per square degree at high
ecliptic latitudes.
— Our archival exploration also allowed us to label other inter-
esting objects in the HST observations, such as trails of
artificial satellites or arcs of strong gravitational lenses.
These will be explored in future work.
Since it is not a survey designed to map the ecliptic, HST pro-
vides a unique, unbiased, and long-time-baseline study of SSOs.
In future work, we will further investigate the still-unidentified
1031 trails by using the parallax induced by HST. By fitting the
trail shapes for parallax, a unique feature of space-based obser-
vatories, we will determine the geometric distances to the new
objects and determine the statistics distribution of their sizes.

Our study demonstrates a novel use of archival data with the
modern tools of citizen science and deep learning and shows
their potential in data-mining future big data surveys, such as
Euclid or LSST.
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