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Executive Summary

surveys of the night sky taken between 1949 and 1957, in the pre-satellite era, contain hun-

dreds of thousands of temporary star-like points of light, called “transients,” that do not ap-
pear in other images of the sky. By using the Earth’s shadow as a filter, Villarroel and her colleagues
have demonstrated with exceptionally high statistical confidence that tens of thousands of these
“transients” are not optical artifacts or defects. Instead, they are likely brief (<1 second) glint-like re-

s wedish astronomer Beatriz Villarroel has recently shown that photographs of

flections of the sun off objects of unknown origin with flat, highly reflective surfaces. These objects
must be at least several hundred kilometers, and most likely tens of thousands of kilometers, above
Earth. These scientists also discovered a statistically significant association among (1) observations
of such “transients,” (2) nuclear tests, and (3) historical UAP reporting. Villarroel and her col-
leagues outline these findings and methodologies in three peer-reviewed papers, published in three
respected, widely cited, independent scientific journals. This briefing summarizes these findings as
well as their implications for continued congressional engagement with UAP, particularly through
the sweeping transparency measures in the Schumer—Rounds UAP Disclosure Act (SA 3111) and
companion legislation in the House of Representatives.

1. First Paper: “Aligned, Multiple- Transient
Events in the First Palomar Sky Survey"’

illarroel and her colleagues employ an innovative method, using the Earth’s
v shadow (umbra) as a filter, to find star-like “transients” in the sky. They find a remarkably

statistically significant (21.9¢°) lack of transients in the Earth’s shadow compared to the
rest of the sky. This indicates the presence of thousands of light-reflecting objects high above Earth

in the pre-satellite era.

Critically, the “Earth shadow” test eliminates photographic defects and other instrumental
errors as explanations for the transient glints. Moreover, the optical nature of the transients
indicates that the phenomena that caused them must have been at least “several hundred ki-
lometers” above the Earth’s surface. This rules out aircraft, high-altitude balloons, and other
man-made objects as explanations for the transients. These star-like flashes are associated with
very flat and highly reflective surfaces (e.g., glass, mirrors, certain polymers) of objects orbiting
Earth. Natural objects such as asteroids, in contrast, produce streaks in photographic astro-
nomical surveys due to their rough and matte surfaces.

In several instances, multiple transients appear to form a line. This suggests linear movement
by an object or multiple objects traveling in formation. The most statistically significant align-
ment of transients coincides with the July 1952 Washington, D.C., UAP incidents. These
incursions, which occurred over two successive weekends and involved pilot observations cor-
roborated by radar tracks from multiple stations, caused significant concern in the Truman
White House and senior Air Force leadership.” In early 1953, as a direct result of the July 1952
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Washington, D.C., incidents, the US government’s executive branch adopted a formal policy of
“debunking” UAP sightings, regardless of witness credibility or supporting data.*

Historical Note: The most authoritative US government analyses of UAP from 1947-1952 (i.e., con-
temporaneous with the astronomical observations of transients in Paper 1) describe disc-shaped “metal-
lic,” “silver,” and “light reflecting” objects with a “round top” and a “flat bottom.” This morphology is
ideally suited to reflect sunlight in the manner suggested in Villaorrel’s first paper. Notably, the modern
UAP era formally began on June 24, 1947, when pilot Kenneth Arnold observed a “bright flash” of sun-
light reflecting from one of nine disc-like objects flying in formation over Washington state.

» <«

2. Second Paper: “Transients in the Palomar
Observatory Sky Survey (POSS-I) May Be Associated
with Nuclear Testing and Reports of Unidentified
Anomalous Phenomena"”

n a second paper, Villarroel, first author Steven Bruehl, and their colleagues find a
I statistically significant correlation among: (1) observations of transients, (2) nuclear tests, and (3)
historical UAP reports. These findings add empirical evidence to a long, well-documented nexus
between UAP and nuclear weapons. They also provide robust empirical support for historical UAP

reporting by eyewitnesses, which has long been dismissed by skeptics for lacking data.

This analysis compares more than 100,000 transients observed during a period in the pre-satel-
lite era (1949-1957) to contemporaneous nuclear tests. Bruehl and Villarroel find that transients
are 45 percent more likely to be observed on dates within one day of a nuclear test than on dates
not associated with a nuclear test. The strongest statistical link between transient observations
and nuclear tests is detected on the date immediately after a nuclear test.

Bruehl and Villarroel also find a statistically significant association, beyond chance, between the
number of transients observed on a given date and eyewitness UAP reports (based on a compre-
hensive historical database of such reports) on the same date.

Importantly, dates with: (1) no eyewitness UAP reports and (2) which were not within one day
of a nuclear test are associated with the fewest total observed transients.

In contrast, dates with: (1) at least one eyewitness UAP report and (2) within one day of a nucle-
ar test displayed the highest total number of transients.

These statistically significant correlations bolster the case for the association between UAP and
nuclear weapons and energy, as well as the reliability of many eyewitness reports of UAP. These
findings also constitute further evidence that transients are not photographic or optical artifacts,
but rather glint-like reflections of the sun oft objects of unknown origin in orbit above Earth.
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Note on UAP and Nuclear Weapons: Declassified and unclassified US government records, con-
temporaneous newspaper reporting, and credible witness accounts already show a robust, decades-long
link between UAP activity and nuclear weapons and assets. Readers are encouraged to review Robert
Hastings’s comprehensive study of the UAP-nuclear nexus, UFOs and Nukes.®

3. Third Paper: “A Cost-Effective Search for
Extraterrestrial Probes in the Solar System”?

third paper presents novel and innovative techniques to search for extraterrestrial
A artifacts near Earth. Scientists place particular emphasis on methods of observation that

are uncontaminated by thousands of man-made satellites and millions of reflective pieces
of space debris. These include: (1) examining pre-Sputnik astronomical images and surveys,'® (2) uti-
lizing space-based telescopes, (3) prioritizing analysis and examination of unknown objects based on
color and reflectivity characteristics," and (4) using the Earth’s shadow as a filter to identify self-lu-

minous objects in orbit.
4. Policy Implications and Recommendations

hile Congress and the executive branch are rightly concerned with the national
security implications of present-day UAP reports, Villarroel and her colleagues’ find-
ings are a stark reminder that UAP activity dates back several decades and has been
of concern to the Department of Defense and Intelligence Community for as long as it has been
reported. As Senator Chuck Schumer stated in a December 13, 2023, colloquy with Senator Micheal
Rounds, “the United States government has gathered a great deal of information about UAPs over

many decades but has refused to share it with the American people.”"?

Villarroel’s peer-reviewed scientific discoveries additionally provide empirical support to the
core allegation of the Schumer-Rounds UAP Disclosure Act: that a surreptitious, decades-old
classified program has retrieved and attempted to reverse-engineer UAP vehicles outside of
congressional and even relevant executive branch oversight. Public testimony from former
intelligence officials and contractors, some of which undoubtedly informed the Disclosure Act,
indicates that elements of the executive branch began retrieving UAP in the 1940s and 1950s.
As unlikely as it may seem, astronomical surveys indicate the presence of thousands of un-
known light-reflecting objects in orbit above Earth during the same period.

With peer-reviewed empirical evidence now corroborating historical UAP reporting, it is im-
perative that senators and members of Congress support the sweeping transparency measures
in the bipartisan UAP Disclosure Act, as well as similar legislation. We urge Congress to make
haste in executing its constitutional responsibility to govern federal efforts concerning this
matter of world-historical importance.
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Abstract

Old, digitized astronomical images taken before the human spacefaring age offer a rare glimpse of the sky before
the era of artificial satellites. In this paper, we present the first optical searches for artificial objects with high
specular reflections near the Earth. We follow the method proposed in Villarroel et al. and use a transient sample
drawn from Solano et al. We use images from the First Palomar Sky Survey to search for multiple (within a plate
exposure) transients that, in addition to being point-like, are aligned along a narrow band. We provide a shortlist
of the most promising candidate alignments, including one with ~3.9¢ statistical significance. These aligned
transients remain difficult to explain with known phenomena, even if rare optical ghosting producing point-like
sources cannot be fully excluded at present. We explore remaining possibilities, including fast reflections from
highly reflective objects in geosynchronous orbit, or emissions from artificial sources high above Earth’s
atmosphere. We also find a highly significant (~220) deficit of POSS-I transients within Earth's shadow when
compared with the theoretical hemispheric shadow coverage at 42,164 km altitude. The deficit is still present
though at reduced significance (~7.60) when a more realistic plate-based coverage is considered. This study
should be viewed as an initial exploration into the potential of archival photographic surveys to reveal transient
phenomena, and we hope it motivates more systematic searches across historical data sets.

Unified Astronomy Thesaurus concepts: Search for extraterrestrial intelligence (2127); Transient detection (1957);

6 Department of Anesthesiology, Vanderbilt University Medical Center, 701 Medical Arts Building, 1211 Twenty-First Avenue South, Nashville, TN 37212, USA

Surveys (1671); Solar system astronomy (1529)

1. Introduction

Digitized sky surveys have broadened the time window in
which we can study changes in the sky. Programs such as the
Digital Access to a Sky Century at Harvard (DASCH; Grindlay
et al. 2012), the Digital Sky Survey'® (DSS), the Ukraine Virtual
Observatory (JDA UkrVO; Vavilova et al. 2012; Vavilova et al.

te https: / /archive.stsci.edu/cgi-bin/dss_form/

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

2017), and Carte du Ciel, provide images of the sky spanning not
just a few decades but, in some cases, over 150 yr.

While photographic plates are no longer used for large
astronomical surveys—having been replaced by significantly
faster and more sensitive CCDs—the archival images still
serve important scientific purposes. For example, they allow
studies of long-term variability of astronomical sources over
timescales of decades or even a century, assuming the object is
bright enough to be detected.

Another use of these archives is to search for vanishing stars
and other transients. In the Vanishing and Appearing Sources
during a Century of Observations (VASCO; Villarroel et al.
2016, 2020) project, images of the sky taken in the early
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1950s, prior to the first anthropogenic satellite, are compared
with modern surveys to identify possible sources that may
have disappeared. VASCO employs two complementary
approaches: first, an automated procedure (Solano et al.
2022) that searches digitized image data from the First and
Second Palomar Sky Surveys (POSS-I and POSS-II) for
transients; and second, a citizen science project (Villarroel
et al. 2022b) where volunteers classify potentially interesting
objects. These efforts are facilitated by the Spanish Virtual
Observatory'” and its software tools. The VASCO program
has resulted in the cataloging of many thousands of unknown
transients, visible only within a single plate exposure (Solano
et al. 2022; Villarroel et al. 2022b).

An intriguing finding from the VASCO project was
presented in Villarroel et al. (2021): nine faint, star-like
objects that appeared and vanished simultaneously on a 1950s
POSS-I plate. The central transient was first identified during
the visual vetting of 24,000 candidates with small cutout
images of fix size, yielding ~100 vanishing star-candidates,
see Table 2 of Villarroel et al. (2020). In a subsequent follow-
up of these 100 transients, the image containing nine transients
was discovered. The nine transients were not visible on
another plate taken half an hour earlier, nor on a third plate six
days later. All known astrophysical explanations were
considered but deemed implausible. The surface density of
such transients was too high to be attributed to any known
natural phenomenon. Whether this was due to unknown
contamination on the plate with coincidentally star-like defects
or a genuine astronomical observation remains unresolved. If
real, one explanation could be that they were caused by solar
reflections off flat, highly reflective objects in geosynchronous
orbit (GSO) around the Earth. Nevertheless, the nine transients
on their own are ambiguous, particularly since they are located
near the plate edge, where defects are known to accumulate
(Hambly & Blair 2024) and where other round objects can also
be found. Yet the finding prompts a provocative question:
could some of the objects long dismissed as plate defects
actually represent reflections or emissions from artificial
sources? And, more generally, can pre-Sputnik plates serve
as a search domain for non-human artificial objects?

Finding such objects in pre-Sputnik data, would represent a
significant discovery with far-reaching implications for both
astronomy and humanity, including the possibility of non-
terrestrial artifacts (NTAs). It also bears directly on the
scientific investigation of Unidentified Anomalous Phenomena
(UAPs), formerly known as Unidentified Flying Objects
(“UFOs”)—a subject that, after decades of stigma, is now
gaining serious academic attention, as highlighted in the recent
review by Knuth et al. (2025) in Progress in Aerospace.
Clarifying the origin of these transient events is therefore not
only of astrophysical interest but also of potential importance

'7 hitp:/ /svo.cab.inta-csic.es
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for one of the most enigmatic and consequential questions
facing science today.

To add to the intrigue, Solano et al. (2023) recently reported
a bright triple transient event occurring on 1952 July 19, found
among a set of ~5000 short-lived POSS-I transients (Solano
et al. 2022). This highly curated data set, in which diagnostics
based on photometry and morphometric parameters have been
carefully applied to the sample to reduce false positives (e.g.,
plate defects), suggests that the phenomenon of multiple
transients can be found even when stringent diagnostic criteria
are applied. As in the earlier case with the nine transients, the
objects appeared and vanished within a single 50 minutes
exposure. Their brightness (r ~ 15-16 mag) makes contam-
ination less likely. Notably, this particular event coincides in
time with one of the most extensively documented aerial
anomalies in historical records: the Washington D.C. “UFO
flap” of 1952 July, which unfolded over two consecutive
weekends (July 18-19 and 26-27). While this may be a
coincidence, the temporal proximity invites further scrutiny—
especially given the rarity of both phenomena. In a separate
study Bruehl & Villarroel (2025), we investigate possible
statistical associations between historical UAP reports and
VASCO transients, and find preliminary evidence of a
temporal correlation at the ~30 level. While such a finding
does not imply causation, it raises the possibility that certain
anomalous aerial observations recorded in the pre-satellite era
may have had physical counterparts observable in deep-sky
imaging.

Given the unusual nature and potential implications of these
events, it is essential to test the hypothesis that some transients
arise from reflective artificial objects in Earth orbit, and that
certain point-like features long dismissed as plate defects may
in fact be solar reflections from artificial surfaces. Searches for
extraterrestrial probes were proposed as early as the 1960s
(Bracewell 1960), but to date only a few searches for NTAs
have been attempted or proposed (Freitas & Valdes 1980;
Valdes & Freitas 1983; Freitas & Valdes 1985; Haqq-Misra &
Kopparapu 2012).

In a previous white paper, Villarroel et al. (2022a) proposed
a methodology to search for solar reflections from artificial
objects in GSO using photographic plates from before the
satellite era (pre-1957). One key signature is the presence of
several point-like transients that are aligned along a line within
a single exposure. A statistical framework was also developed
to assess the significance of such alignments.

In this paper, we carry out that test. We apply the published
methodology and statistical framework to a published sample
of POSS-I transients from Solano et al. (2022).

We identify several promising candidates and examine them
in detail in Section 5. Assuming the events are real, we use the
aligned transients to infer the possible geometry and surface
density of reflective objects near GSO. We also perform a
statistical test to evaluate whether sunlight is required to
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produce these transients, based on their detection rate within
Earth’s shadow. Finally, we discuss prospects for detecting
similar objects in modern digital sky surveys.

2. Plate Defect or Technosignature?

One of the core challenges in our work is the contamina-
tion of photographic plates by artifacts that may mimic
astronomical sources. Apparent transient events in these
plates often present a case of degeneracy—where genuine
astrophysical signals and mundane defects can appear
strikingly similar. Certain plate defects are known to
resemble stellar profiles (Greiner et al. 1990), and distin-
guishing them from authentic observations remains a non-
trivial task, even when full-width-half-maximum (FWHM)
comparisons are applied. Moreover, defects can cluster near
plate edges, and vignetting or uneven development may
further confound interpretation. Nevertheless, visual inspec-
tion and photometric profile analysis remain indispensable
tools in this early phase of exploration.

Rigorous diagnostics with quantitative measurements are
central to any search for genuine transients in photographic
plates, as overly permissive criteria inevitably admit large
amounts of noise. For that reason, we shall use carefully
selected transient samples in Solano et al. (2022), which
average 167 transients per plate and have been matched to
several modern surveys to remove variable stars, asteroids, and
comets.

It is scientifically untenable to assume that all candidates are
either authentic transients or all defects. A reasonable working
assumption is that both populations are present in some
unknown proportion. From this perspective, even a single
authentic detection among many contaminants would validate
the effort and warrant continued search.

This degeneracy is intrinsic to any attempt at identifying
NTAs in archival material. Two primary examples illustrate
this problem:

1. Narrower FWHMs and rounder profiles. Hambly &
Blair (2024) interpret slightly more concentrated, round
profiles as signs of spurious detections and makes an
example with Villarroel et al. (2021). However, atmo-
spheric seeing and short-lived (sub-second to few-
second) optical events are also expected to produce
narrower FWHMs than long-exposed stars (Tokovi-
nin 2002; Villarroel et al. 2025a). Thus, profile sharpness
alone cannot conclusively distinguish between artifact
and astrophysical origin. We note, in passing, that
Hambly & Blair (2024) have not attempted to apply
their analysis to the triple transient reported by Solano
et al. (2023), which might have provided a more
stringent test of their conclusions.
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2. Spatial distributions. A high number density of transient-
like features in one region could be mistaken for
evidence of poor plate quality. But the number density
of transients on a plate is not diagnostic. If NTAs exist in
coordinated swarms, these swarms could span tens of
square degrees, easily covering entire plates, while a grid
of NTAs could cover the entire sky.'® In ambiguous and
uncertain cases—such as the plate analyzed in Villarroel
et al. (2021)—additional transients or artifacts may
surround the nine candidates (see Supplementary Infor-
mation of mentioned paper). Their presence illustrates
the degeneracy problem: authentic events may coexist on
the same plate as numerous star-like defects, which
makes it essential to apply independent diagnostics such
as alignment statistics and Earth’s shadow tests.

Because of the ambiguity in these early cases, we advocated
for more targeted searches in Villarroel et al. (2022a),
emphasizing particularly multiple transients aligned along a
line—where statistical analysis can decisively test whether
such configurations occur by chance.

Moreover, the temporal correlations between the 1950s
transients and both the Washington 1952 UFO events and 124
U.S., Soviet, and British nuclear weapons tests deserve serious
attention. Even if individual events remain uncertain, Bruehl &
Villarroel (2025) shows statistically significant correlations
between subsets of the transient sample in Solano et al. (2022)
and historical nuclear activity and aerial anomalies. This alone
contradicts the idea that the entire sample consists of plate
defects.

Finally, one of the most revealing tests involves Earth’s
shadow. No matter how asymmetric or irregular the distribu-
tions of plate defects may be, they have no plausible reason to
avoid the Earth’s shadow. In contrast, transients associated
with solar reflections would. This shadow test provides a
crucial empirical lever to distinguish between physical
reflections and random defects—and remains an essential part
of any validation framework moving forward.

In this paper, we rely on hypothesis testing across large
samples—assessing statistical correlations, spatial alignments,
and Earth-shadow sensitivity—offering a robust framework
that remains valid even in the presence of substantial stellar-
like contamination. In the future, we aim to use Al-driven
methods to filter out transients that resemble plate defects or
occur in problematic regions of the plates, and to establish an
upper limit on the fraction of objects that may represent NTAs.
For now, we will use the simplest methods to search for
candidates that show signs of solar reflection.

'8 See e.g., Patrick Jackson’s sphere network: https://www.amazon.com/
Sphere-Network-Mr-Patrick-Jackson/dp/BODXF1RGL6.
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3. Predictions and Expectations

Natural transients occur at a rate several orders of
magnitude lower than glints from artificial objects. Even
detecting two natural transients within a few arcminutes of
each other during a one-hour exposure is extremely unlikely."

In contrast, glints caused by solar reflections from flat,
highly reflective surfaces at high altitudes—such as GSOs—
could result in multiple, simultaneous point-like transients
during a single long-exposure image. If the glints originate
from the same object, they may appear aligned along a narrow
band or straight line. In simple geometries, the glints could be
equidistant and of similar brightness. However, more complex
surface structures may lead to irregular spacing and variable
flux (e.g., Nir et al. 2021; Villarroel et al. 2022a). Also objects
flying in formation or coordinated swarms, might be found
along geometric patterns.

Multiple transients in a single image are frequently detected
in modern automated surveys. Nearly all transients with
durations shorter than 0.5s are caused by this phenomenon,
often originating from satellites or space debris (e.g., Corbett
et al. 2020; Nir et al. 2021). These events typically have
apparent magnitudes of » ~ 9—11. The rate of such artificial
glints can reach ~1800 events hr™' sky ' near the equator
(Corbett et al. 2020), which would overwhelm any comparable
phenomena in modern surveys unless specifically targeted.
The red POSS-I plates, reaching r ~ 20 mag with ~50 minutes
exposures, are still capable of detecting glints as short as 0.5 s,
although the flux is diluted by approximately 9 mag.

Plate defects, by contrast, are expected to be randomly
shaped and distributed. The chance that several defects
simultaneously mimic star-like point sources and align along
a narrow band is small. The method proposed in Villarroel
et al. (2022a) identifies “simultaneous transients” that appear
within the same long-exposure photographic plate and are
additionally aligned within a narrow tolerance. This alignment
criterion helps distinguish potentially artificial signals from
random celestial or instrumental sources.

For example, an image with nine transients inside a 10 x 10
arcmin® box may exhibit a 4-point or 5-point alignment, with a
statistical significance between 2.5¢0 and 3.90 depending on
the geometry. For exact probabilities, we refer the reader to
Section 5 in Villarroel et al. (2022a), which uses the statistical
framework developed by Edmunds (1981), Edmunds &
George (1985). Even 3-point alignments may be considered
when the total number of transients in a region is low.
Alignments with the lowest probability of occurring by chance
should be prioritized for further examination, though not

19 We consider the probability of detecting a transient within 1 hr in the
POSS-I survey, based on Solano et al. (2022), who identified 298,000
transients over 780 hr of exposure. The chance of finding one transient in a 10
arcmin” box in one hour is approximately ~0.0016. The grobability of two
such transients appearing in the same box is then p ~ 10",
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interpreted as conclusive evidence of geosynchronous
reflections.

Taken together, these considerations show that the occur-
rence of aligned, simultaneous transients on photographic
plates is an excellent candidate signature of reflective orbital
objects, especially in the absence of natural or instrumental
explanations.

While alignments of multiple transients provide a statisti-
cally robust signature, it is important to note that most glints
caused by solar reflections are expected to appear as single,
isolated transients on a photographic plate. This follows
naturally from the geometry of specular reflection, where a
glint is only visible when the orientation of a rotating object
briefly aligns with the observer and the Sun. Assuming a large
population of such objects in geosynchronous or higher orbits,
the majority of events will not repeat and will appear on a
single plate only. These point-like flashes may still exhibit
perfect PSF shapes and are typically absent in Earth’s shadow,
further distinguishing them from both natural and instrumental
phenomena. Although individual transients carry less statis-
tical weight, the overall rate and behavior of such events can
still be used to identify a non-natural origin. As shown in
Villarroel et al. (2022a), statistical models incorporating both
aligned and non-aligned transients offer complementary routes
for detecting technosignatures in historical data.

4. Methods and Selection

We base our analysis on the catalog of 298,165 short-
duration transients presented in Solano et al. (2022), detected
in red POSS-I plates with typical exposure times of 45-50
minutes. These transients were identified using an automated
pipeline developed as part of the VASCO project. For full
details on the detection methodology, data characteristics, and
vetting steps, we refer readers to Solano et al. (2022).

From this data set, we search for spatial groupings of
transients within square boxes of varying sizes, typically
ranging from a few arcminutes up to 20'-30" per side (see
typical sizes in Table 2). For each group, we evaluate whether
the positions of the transients fall along a straight line (or more
precisely a narrow band), within astrometric uncertainties.

We quantify the degree of alignment using the Pearson
correlation coefficient o between right ascension and declina-
tion. We retain only those candidate alignments where
|a| > 0.99. We note that the correlation is computed without
applying a cos(6) correction to right ascension. Given the
small angular separations involved, this has a negligible effect
on the ranking of candidate alignments.

Table 1 summarizes the number of aligned groups found
with r>3, r>4, r>5, and r> 6 transients, respectively.
Because the search boxes vary in size, the number of transients
per group is not directly comparable across cases.
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Table 1

Candidates
Region r=3 r=4 r=>5 r=6
0 <R.A. < 100, 0 < decl. <90 22 5
100 < R.A. < 200, 0 < decl. <90 18 7
200 < R.A. < 300, 0 < decl. <90 32 6 1
300 < R.A. < 360, 0 < decl. <90 11 2 1
Total 83 20 2 0

Note. Total number of aligned transient candidates identified in each sky
region. r is the number of aligned points. Note that r > 4 and r > 5 are subsets
of r > 3. R.A. and decl. are in degrees.

All 83 candidates are presented in the Appendix. Visual
inspection reveals that duplets and triplets are relatively
common. However, rather than evaluate every alignment with
N >3, we focus on higher-confidence candidates with at least
four aligned transients.

Many POSS-I plates have been scanned by both DSS and
the SuperCOSMOS Sky Survey (Hambly et al. 2001). Since
SuperCOSMOS images generally offer higher spatial resolu-
tion, we used both sources to verify each alignment. We
downloaded FITS images for all candidates with N >4,
selecting image boxes that encompass the full alignment.

In several cases, transients initially appearing as point
sources in DSS were revealed—through SuperCOSMOS
images—to be either scanning artifacts or round defects likely
caused by emulsion flaws. Transients absent from the higher-
resolution scan were excluded from further consideration. We
thus retained only those candidates that:

1. Show at least four star-like transients in a roughly linear
arrangement on the DSS scan;

2. Are confirmed by the corresponding SuperCOSMOS
scan. The DSS and SuperCOSMOS scans are indepen-
dent digitizations of the same physical photographic
plate, obtained using different scanners, optics, and
digitization procedures. This means that any object
visible in both scans is almost certainly a real feature
present on the plate emulsion. In contrast, an object
visible in only one of the scans is most likely a scanning
artifact caused by dust on the scanner glass, digitization
noise, or compression effects—not a genuine plate
defect. We therefore treat agreement between both scans
as a strong indicator of authenticity. Furthermore, we
note that some objects that initially appear point-like in
DSS images may exhibit subtle asymmetries or deviate
from a stellar PSF in the higher-resolution Super-
COSMOS images, leading us to reject them. This
procedure helps ensure that the remaining candidates
are not spurious artifacts introduced during digitization.
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From this refined set, we identify five of the most promising
candidates in the northern hemisphere, listed in Table 2.

There are two key ways the search procedure could be
improved:

1. Search area. Objects in GSO move at ~10” s~!. or about
10° during a 50 minutes exposure. Our current box size
(up to 30) is conservative and may miss longer
alignments.

2. Correlation threshold. The criterion |« | > 0.99 is
unnecessarily strict and excludes mildly curved or non-
ideal alignments.

However, relaxing either parameter would drastically increase
the number of candidates—potentially into the tens of thousands
—necessitating substantial manual vetting. To address this, we
are developing an expansion of the VASCO citizen science
platform (Villarroel et al. 2022b) tailored to this task.

5. The Shortlist

The shortlist in Table 2 shows the candidates. Each
candidate is shown in Figures 1-5. Here we show only the
transients themselves to assist the reader. The same images,
but showing the actual alignments, can be found in
Figures 6-10. The alignments differ in width; therefore, a
dashed double line is shown in some particular cases where the
width of the stripe is larger than 1”.

In some cases—for example, the objects marked with
crosses in Candidate 3 and Candidate 5—it is not certain that
every transient is a point source, based on inspection of the
images. Slight asymmetries in the light profiles are present in a
few cases, manifesting as mild elongations (from e.g.,
movement) or qualitative irregularities in shape.”’ Therefore,
the alignment is possibly a combination of transients and plate
defects—or objects in the sky within our atmosphere. The
reader can inspect the high-resolution images from Super-
Cosmos.”' We improve the astrometry for the images using the
Terapix SWarp procedure. We measure the improved coordi-
nates and the FWHM for each transient; see Table 3. The dates
are taken from the STScl DSS Plate Server.

In a few cases, it is possible to derive more than one variant of
the alignment—for example, with either a 3-point or a 4-point
alignment. In such cases, we show both options separately in the
images in Figures 6-10. For the cases in the shortlist, we estimate
the probability of a chance alignment; see Section 6.

20 These asymmetries refer to deviations in morphology, not to the full width
at half maximum (FWHM), which varies across the plates due to well-
documented instrumental and photochemical effects. As discussed in
Villarroel et al. (2025a), the nonlinear response of photographic emulsions
causes brighter objects to naturally appear with broader profiles, contributing
to the observed FWHM spread.

2! http: / /www-wfau.roe.ac.uk /sss /pixel.html


http://www-wfau.roe.ac.uk/sss/pixel.html

Publications of the Astronomical Society of the Pacific, 137:104504 (22pp), 2025 October

Villarroel et al.

oA 14 y % 0. .
: . " . : - b
. . b ‘@ ” ° ‘ O @ -
. . . > .. | . . .. .
« . 2
.A : ‘ . . : 3 . . . :
. %, . . . .
: Grisiie : . : @) 2
.'o‘ . 3
" X X ) N
. .. . P . .
» = : ~ » . .. .

Figure 1. Candidate 1. We show the candidate in SuperCosmos scans of POSS-I red (left) and POSS-II red (right) images (inverted). Transients are marked with
blue circles. The candidate with a measured coordinate is marked with a cross (4). Pink circles show defects. Also the gray line crossing the POSS-I field is a
scanning defect. Four transients are visible in the POSS-I image, where three follow a straight line. Box size is 10 x 10 arcmin®. See Figure 6 for a version with
drawn lines that shows the possible alignment.

Table 2
Candidate Shortlist

Candidate Shortlist

Candidate Year R.A. Decl. R.A. Decl. r N A Prmax dmax Hor
(sexag., J2000) (deg, J2000) (arcminz) (arcsec) (arcmin)

1 1954 02:29:33.71 +28:31:56.98 37.3904454 28.5324936 3 4 10 x 10 1.0 5.8 0.044
2 1955 03:05:42.48 +07:58:29.60 46.4269814 7.9748892 3 5 10 x 10 1.0 3.6 0.010
3 1954 03:08:27.13 +34:40:46.01 47.1130236 34.6794470 3 5 15 x 15-16 2.0 9.9 0.194
” ” ” 5" 5 ” 15.0 ” 0.002
4 1954 21:24:39.71 +68:31:30.04 321.1654740 68.5250111 3 6 12 x 12 1.0 5.15 0.049
” ” ” 47 6 ” 5.0 ” 0.003
5 1952 19:16:45.76 +51:28:52.40 289.1906854 51.4812217 3 5 10 x 10 1.0 4.0 0.028
” ” ” 5" 5 10 x 10 10.0 4.0 0.0001

Note. We show the most interesting candidates emerging after the visual inspection. In some cases there could be different possibilities of r-point alignments, e.g.,
r =3 or r = 4, and we show both possibilities marked by an asterisk (*). The given position coordinate corresponds to the transient marked with a cross (+) in each

figure.

6. Statistics

The section below provides a brief recapture of the
statistical framework developed in Section 5 of Villarroel
et al. (2022a), where interested readers can explore the details
of the framework. It builds on Edmunds (1981) and Edmunds
& George (1985) which criticized Halton Arp’s quasar
alignments. The common critique was that with a large

number density of objects, alignments will inevitably appear.
These papers developed a statistical framework to investigate
the actual probability of chance alignments.

For each of the interesting cases we consider the total
number N of transient-like objects found in the image field,
i.e., the area A of the image, and look for r objects aligned
within a strip of width p,,. and length dp,x. Such alignments
will be referred to as r-point alignments.
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Figure 2. Candidate 2. We show the candidate in SuperCosmos scans of POSS-I red (left) and POSS-II red (right) images (inverted). Transients are marked with

blue circles. The candidate with a measured coordinate is marked with a cross (+). Four transients are visible in the POSS-I image, where three follow a straight line.

See Figure 7 for a version with drawn lines that shows the possible alignment. Box size is 10 x 10 arcmin®.

Figure 3. Candidate 3. We show the candidate in SuperCosmos scans of POSS-I red (left) and POSS-II red (right) images (inverted). Transients are marked with
blue circles. The candidate with a measured coordinate is marked with a cross (4) and might be slightly dubious in shape. Pink circles show defects, both plate
defects and scanning defects. See Figure 8 for a version with drawn lines that shows the possible alignment. Box size is roughly 15 x 15 arcmin®.

As the area A is different for each case, we can only estimate generalized formula from Edmunds & George (1985),
the expected number of r-point alignments i, within a given T 22 p" p[:;xz A pdmac " 0
field A. As suggested in Villarroel et al. (2022a), we use the b = T'r—1 j(; roe e
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Figure 4. Candidate 4. We show the candidate in SuperCosmos scans of POSS-I red (left) and POSS-II red (right) images (inverted). Transients are marked with
blue circles. The candidate with a measured coordinate is marked with a cross (+). See Figure 9 for a version with drawn lines that shows the possible alignment.
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Figure 5. Candidate 5. We show the candidate in SuperCosmos scans of POSS-I red (left) and POSS-II red (right) images (inverted). Transients are marked with
blue circles. The candidate with a measured coordinate is marked with a cross (+). See Figure 10 for a version with drawn lines that shows the possible alignment.
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Figure 6. Candidate 1. We show the candidate in SuperCosmos scans of POSS-I red (left) and POSS-II red (right) images. Transients are marked with green circles.
The candidate with a measured coordinate is marked with a cross (+). A dashed white line shows the alignment. Yellow circles show defects. Also the white line
crossing the POSS-I field is a scanning defect. We see 4 transients in the POSS-I images where three follow a straight line.

Figure 7. Candidate 2. We show the candidate in SuperCosmos scans of POSS-I red (left) and POSS-II red (right) images. Transients are marked with green circles.
The candidate with a measured coordinate is marked with a cross (+). A dashed white line shows the alignment. Yellow circles show defects. Also the white line
crossing the POSS-I field is a scanning defect. We see 4 transients in the POSS-I images where three follow a straight line.

where T' is the gamma function, n = N/A, and all other limiting case of this generalization,

quantities are as previously defined, with lengths given in

arcmin and, consequently, the area A is in arcmin®. As in T 22 P,;;xz dinax A =3 4. 5... )
Villarroel et al. (2022a) we use, for practical reasons, a Hr ™ r(r—2) ’ ST
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Figure 8. Candidate 3. We show the candidate in SuperCosmos scans of POSS-I red (left) and POSS-II red (right) images. The upper row shows a 3-point alignment
within 1”-2". The lower row shows a 5-point alignment of within 15”. Transients are marked with green circles. The candidate with a measured coordinate is marked
with a cross (+) and might be slightly dubious in shape. The dashed lines shows the alignment (the white double line for the thicker alignment below). Yellow circles

show defects, both plate defects and scanning defects.

which is a good approximation when 2 dyx P 7 << 1 and
simplifies the calculations considerably. For the present study
Equations (1) and (2) should yield very similar results, since
2 dinax Prax ® S 0.01 for all cases considered.

We apply Equation (2) to calculate the expected number of
r-point alignments i, for each case. We include all measure-
ments in Table 2. The short list includes both 3-point

10

alignments and 4-point alignments. Since each candidate case
only has one alignment, the probability is given by the
expectation value, P ~ p,.. We can see that several of the cases
are significantly statistically improbable (30—40) to happen in
a single image.

The probability estimate is also very sensitive to the total
number of transients (N) present. This number depends
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Figure 9. Candidate 4. We show the candidate in SuperCosmos scans of POSS-I red (left) and POSS-II red (right) images. The upper row shows a 3-point alignment
within 1”. The lower row shows a 4-point alignment of within 5”. Transients are marked with green circles. The candidate with a measured coordinate is marked with
a cross (+). The dashed lines shows the alignment (the white double line for the thicker alignment below).

strongly on the visual inspection that was made by blinking the
POSS-I and POSS-II images in SAOImage DS9, taking into
account the differences in depth. Any missed transients will
change the value of N, and hence the estimated probability.
However, to estimate exactly the total probability P of
each single event to happen during our searches, two more
factors influence the total probability. The first is the
probability for obtaining a perfectly 1, 2, ... or N’ star-like
plate flaws within the same area of an image. Given the rarity
of encountering a star-like plate defect, and even less so with a
matching FWHM as the normal stars of the same magnitude

11

range in the field, it may be even more unusual to encounter 2,
or 3, or 4 plate flaws that all have the same coincidental
features and this lowers dramatically the total probability of
the event. The second factor is the total number of multiple
transients in our data set: if there are sufficiently many star-like
plate flaws causing “multiple transients,” some of these will
line up. With an infinite data set, any type of constellations will
be found. This factor will, contrary to the first factor, increase
the total probability for an event to occur.

Unfortunately, we have no grasp or means of estimating
either of the two factors. Therefore, it is easier to examine the
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Figure 10. Candidate 5. We show the candidate in SuperCosmos scans of POSS-I red (left) and POSS-II red (right) images. The upper row shows a 3-point
alignment within 1”. The lower row shows a 5-point alignment of within 10”. Transients are marked with green circles. The candidate with a measured coordinate is
marked with a cross (4). The dashed lines shows the alignment (the white double line for the thicker alignment below).

effect of the choice of p,,, on the probability estimates for
single images. The choice of p,,, depends on the science
question of interest: are we interested whether the objects are
truly aligned or whether they are just non-random? Showing
non-randomness is all that is needed to argue for the
authenticity of the points, but not necessarily enough to argue
that they truly are aligned as in the case of GSO glints. We use
Table 3 to adopt other values of p,.., setting it equal to

FWHM of the smallest star in an alignment (e.g., for Candidate
1, FWHM = 2'7). Doing this, we see that all 3-point
alignments are non-interesting events with p > 0.05 (less
significant than 20), with an exception of the borderline case
of Candidate 2. This shows that for POSS-I data where the
seeing in general is rather large, 3-point alignments of
simultaneous transients do not provide significant proof
against randomness. The interesting cases are the 4-point and
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Table 3
Measurements

Candidates 1-5

Object R.A. Decl. FWHM FWHM R
(sexag., J2000) (pixel) (arcsec)
objectl 2:29:37.57 +28:36:31.58 4.0 2.7 18.9
object2” 2:29:21.38 +28:36:57.89 7.2 4.8 16.6
object3” 2:29:21.76 +28:36:49.09 7.6 5.1 17.0
objectd” 2:29:33.80 +28:31:56.83 4.1 2.7 18.3
Date of observation = 1954-10-04
Object R.A. Decl. (sexag., FWHM FWHM R
J2000) (pixel) (arcsec)
objectl 3:05:52.34 +8:00:16.97 3.8 2.5 19.2
object2t” 3:05:42.46 +7:58:30.22 10.0 5.7 15.2
object3” 3:05:42.81 +7:58:20.56 59 4.0 17.9
object4” 3:05:50.24 +7:55:33.86 4.4 2.9 18.3
Date of observation = 1955-01-14
Object R.A. Decl. (sexag., FWHM FWHM R
J2000) (pixel) (arcsec)
objectl” 3:08:29.90 +34:31:25.73 6.2 4.2 17.1
object2” 3:08:30.72 +34:31:27.44 52 3.5 18.1
object3t”* 3:08:27.42 +34:40:46.00 9.9 6.6 154
object4” 3:08:27.05 +34:41:13.49 8.1 54 16.1
object5” 3:08:26.56 +34:41:07.89 6.0 4.0 17.1
Date of observation = 1954-12-21
Object R.A. Decl. (sexag., FWHM FWHM R
J2000) (pixel) (arcsec)
objectl 21:24:45.51 +68:34:00.29 44 2.9 N.A.
object2 21:24:44.59 +68:34:01.20 4.6 3.1 16.6
object3” 21:24:47.62 +68:31:58.92 4.4 2.9 17.9
object4” 21:24:39.72 +68:31:31.22 8.9 6.0 15.2
object5” 21:24:38.18 +68:31:27.97 5.0 34 17.2
object6” 21:24:03.94 +68:29:14.36 4.6 3.1 17.8
Date of observation = 1954-08-05
Object R.A. Decl. (sexag., FWHM FWHM R
J2000) (pixel) (arcsec)
objectl” 19:16:51.46 +51:30:24.51 11.0 74 13.2
object2” 19:16:50.64 +51:30:20.86 12.0 8.0 12.7
object3* 19:16:45.73 +51:28:52.04 7.2 4.8 16.0
object4” 19:16:40.13 +51:27:12.85 5.0 34 16.3
object5” 19:16:40.27 +51:27:06.29 5.5 3.7 16.0

Date of observation = 1952-07-27

Note. We list the astrometry-improved measurements for the objects inside the
green circles in Figures 1-5. Objects that are placed inside an alignment are
marked with an asteriskm *. The central objects presented in Table 2 are
marked with a dagger (). We show the FWHM in pixel and arcsec, based on
SuperCosmos POSS-I images. The SuperCosmos resolution is 0,67 pixel .
The object have an improved astrometry with help of Terapix swarp
procedure, using zero-point calculations with SDSS as a reference field. The
r magnitudes are obtained via the photometric procedure described by
B. Villarroel et al. (2025 in preparation) for DSS scanned POSS-I red plates,
building on methods by Andruk et al. (1995, 2017, 2019). When an object
either is too faint or two objects are too close to each other, the photometry
code (that measures R Johnson magnitudes) fails to detect them, meaning we
have no photometric information. For these cases, we mark the magnitudes as
Non Available (N.A.).
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5-point cases, namely Candidates 3, 4 and 5. Yet, one could
argue that without an inspection with a microscope one still
cannot exclude plate defects.

However, what makes the events even more interesting is
that Candidate 5 occurs on the same date as one of the most
famous UFO mass sightings in history—namely, the 1952
Washington UFO flap (Villarroel 2024). This could be a
coincidence. We also note that Candidate 1 occurs within a day
of the peak of the 1954 UFO wave. We shall discuss this
further in Section 10. These additional two coincidences
further motivate scrutiny of the plate defect hypothesis,
especially in light of the combined statistical and contextual
factors presented in this study.

7. Assessment of Conventional Explanations

The central challenge of this work lies in determining
whether the transients represent authentic observations. A
previous analysis of the multiple transient event in Villarroel
et al. (2021) ruled out all known astrophysical origins, and
most instrumental causes as well. What remains is the
possibility of unknown plate contamination or emulsion
defects that coincidentally resemble star-like shapes, despite
their variation in brightness. While gravitational lensing by a
short-lived transient passing behind an undetected super-
massive black hole (SMBH) was proposed in Solano et al.
(2023), such a model would require an implausibly large
population of undetected SMBHs in the Milky Way to explain
the broader set of events found by VASCO. The phenomenon
remains unresolved—now made even more intriguing by the
discovery that several events are aligned along a narrow band.

A potential concern is optical ghosts. Ghosts typically
exhibit extended or clumpy morphologies and do not match
stellar point spread functions (PSFs). In contrast, the transients
identified in both Villarroel et al. (2021) and the current study
were preselected based on their PSF-like properties (Solano
et al. 2022), making classical ghosting an unlikely explanation.
While most optical ghosts on POSS-I plates appear extended
or irregular, one might ask whether more unusual ghosting
patterns—such as point-like reflections—could in principle
occur. Modern CCD-based surveys using the same telescope
(e.g., ZTF, PTF) have documented rare ghost patterns that,
under specific optical conditions, can mimic point sources at
significant angular separations from their parent stars (Waszc-
zak et al. 2017; Irureta-Goyena et al. 2025). A dedicated
optical modeling effort would be required to fully evaluate
such hypothetical scenarios, taking into account the different
detector areas (CCDs versus photographic plate field sizes) and
pixel scales. However, such an analysis lies beyond the scope
of the present study. Instead, we compare two images of the
same field taken with the same configuration, separated by
only 30 minutes: the red and the blue plates for the five
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Figure 11. Red vs. blue image of Candidate 5. Comparison between the red (left) and blue (right) DSS images for Candidate 5. No coincident sources are found in

the blue image.

candidates. This is similar to the case of the triple transient,
where stars of about 16th magnitude appear and vanish within
half an hour, yet are not seen on the corresponding blue plate
with similar configuration. The blue exposures are signifi-
cantly shorter, yet we do not see any similar stars or repeating
patterns in them, see for example Figure 11. This further
reduces the likelihood that optical ghosting can explain the
alignments, though differences in exposure time and in the
reflectivities of optical coatings (causing different ghosting
levels in different color bands) prevents us from fully
excluding it.

Another concern is photographic plate defects. Historically,
astronomers have excluded single-epoch point sources to avoid
false positives—an approach that also inadvertently eliminate
many genuine, short-lived astronomical events. For example,
Hambly & Blair (2024) argued that the transients reported in
Villarroel et al. (2021), despite their point-like morphology,
are likely emulsion artifacts. This conclusion was primarily
based on the finding that the transients exhibit slightly
narrower full width at half maximum (FWHM) values, on
average, compared to normal stars. However, the analysis did
not account for the known nonlinearity of photographic
emulsions, which causes fainter sources to naturally exhibit
narrower profiles. In addition, the “artifact” sample in their
study was selected using criteria that mirror the VASCO
project’s transient selection pipeline, which may introduce
circular reasoning. Crucially, the study did not consider that
sub-second optical flashes are predicted—on physical grounds
—to appear sharper and more circular than stars in long-
exposure plates, due to the absence of atmospheric seeing,

wind shake, and tracking-induced smearing. These effects are
discussed in detail in a dedicated technical commentary
(Villarroel et al. 2025a). To date, no study has systematically
quantified the fraction of single-plate detections that are
authentic transient phenomena versus coincidentally star-like
emulsion defects.

A summary of excluded astrophysical, observational, and
instrumental causes is provided in Villarroel et al. (2021).
Assuming the observed transients are genuine and not artifacts,
we turn to alternative physical explanations beyond the GSO
glint hypothesis.

Point-like events could result from either reflected sunlight
or intrinsic emission. As shown in Villarroel et al. (2021), such
objects must be located within the solar system. We consider
four broad possibilities: (i) the objects are inside Earth’s
atmosphere, (ii) they are in low Earth orbit (LEO), (iii) they
are in GSO, or (iv) they are located at significantly greater
distances.

If the transients originated from luminous or reflective
atmospheric objects, they should leave visible trails over the
45-50 minutes POSS-I exposures, given that the telescope
tracked stars during imaging. Stationary objects would also
appear streaked. Objects very close to the observer would
appear significantly out of focus due to proximity to the focal
plane. For instance, an object at 50 km altitude would suffer a
defocus of several hundred microns on the Palomar 48 inch
system, resulting in an extended PSF incompatible with a
stellar appearance. Only at altitudes above several hundred
kilometers would point-like morphology be achievable. This
effectively rules out phenomena such as red sprites or rare
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luminous atmospheric events like the Hessdalen phenomenon
(Teodorani 2004). The only plausible scenario in which
multiple objects within Earth’s atmosphere could produce
point-like transients without visible trails is if they were light-
emitting and appeared simultaneously for a split second—brief
enough to avoid leaving motion blur—before vanishing.
However, such objects within the atmosphere would be subject
to focal blur. Alternatively, they would need to mimic the
appearance of stars as seen from Earth. While speculative,
such a scenario cannot be ruled out a priori and would fall
under the category of unidentified aerial phenomena. Some
asymmetries observed in, for instance, Candidate 5, might still
be marginally consistent with high-altitude sources near the
upper atmosphere. All plausible scenarios would fit with the
observations of UAP, see Knuth et al. (2025).

LEO-based explanations are not impossible, but they are
much less likely. PSF-like glints due to short millisecond
flashes can be produced at any orbit altitude by rapidly
spinning objects. Nevertheless, objects in LEO typically leave
continuous trails, and explanations involving glints from
experimental rockets or missiles at altitudes of 100-200 km
are improbable due to their rapid motion and constrained
illumination geometry. Further, empirical studies based on
short-exposure CCD surveys (e.g., Corbett et al. 2020; Nir
et al. 2021) have shown that most PSF-like glints are
associated with GSO. However, if an object were capable of
actively controlling both its motion and its optical signature as
perceived from Earth-based observatories, then altitude
constraints would no longer apply. Such a scenario would
imply an engineered system of extraordinary sophistication.

We also considered more distant origins. As discussed in
Villarroel et al. (2021), fast-moving Solar System objects such
as asteroids will produce trails, while slow-moving ones
should appear in multiple images taken close in time. Objects
like tumbling interstellar bodies (e.g., ‘Oumuamua) would also
produce visible trails across long exposures. Hence, no known
population of solar system or interstellar objects can explain
point-like transients that appear only in one long exposure and
are entirely absent shortly before and after.

While we cannot exhaustively rule out all possible
explanations, including those not yet imagined, the absence
of known natural or instrumental causes—combined with the
spatial alignment of certain events along a narrow band—calls
for further investigation. And maybe the simplest way of
testing the mechanism behind these flashes, is by performing a
test that can reveal whether they originate from solar
reflections—or if not.

8. Testing the Solar Reflection Hypothesis

The VASCO project has identified thousands of short-lived,
point-like transients in pre-Sputnik photographic plates
(Villarroel et al. 2020; Solano et al. 2022). The multiple
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transient candidates were found among this general popula-
tion, with several events sharing similar timescales, morphol-
ogies, and apparent magnitudes. It is therefore reasonable to
treat the multiple transients as a statistically identifiable
subpopulation within this broader distribution.

One possible interpretation for transients is that they are
caused by sunlight reflecting off objects with flat surfaces in
GSOs, such as small rotating objects briefly glinting as they
pass through a favorable viewing geometry (Villarroel et al.
2022a). If this interpretation holds, we would expect a
significant deficit of such events within Earth’s shadow
(umbra), where sunlight cannot reach the object to produce a
glint. If the transients, on the other hand, are caused by their
own emission or are due to plate defects, we would expect no
deficit in the number of transients within the shadow. The
method of using Earth’s shadow to filter out reflections is
further discussed in Villarroel et al. (2025b).

While it is possible to compute the fraction of each
photographic plate that lies in Earth’s shadow for any given
orbital altitude, not all heights are equally meaningful for our
analysis. At low altitudes (e.g., below ~10,000 km), Earth’s
shadow may cover large fractions of the plates, making any
deficit or surplus hard to interpret. While plate defects do not
respond to the position of Earth’s shadow, the diagnostic
power of this test depends on the assumption that the shadow
is randomly placed with respect to plate geometry and artifact
distribution. When the shadow covers a large portion of the
plate (e.g., >50%), this assumption breaks down, and even a
random distribution of artifacts will naturally yield an
overdensity in the shadowed region. In such cases, the test
becomes less sensitive to systematic avoidance, making small
shadow coverages (e.g., <5%-10%) more reliable.

Moreover, reflective objects in low orbits tend to move
rapidly and would often appear as streaks rather than point-
spread-function (PSF)-like transients. Since our sample only
includes PSF-like detections, it is physically unlikely that
many of them originate from low Earth orbits, where glints
would need to be extremely short-lived (on the order of
milliseconds). Nir et al. (2021) show that most sub-second
flares are glints of sunlight reflected from satellites in
geosynchronous and graveyard orbits. For these reasons, we
focus our main analysis on altitudes where less than 5% of the
field is typically shadowed—regions where the shadow
behaves approximately randomly, and where reflective glints,
if present, would be both detectable and physically plausible.

We use the transient candidates from Solano et al. (2022),
but with the additional requirement that they have no
counterparts within 5” in Gaia, Pan-STARRS and NeoWise.
Furthermore, we restrict our analysis to objects in the northern
hemisphere (decl. > 0°). This yields a sample of 106,339
transients, which we use for our study.

An important note about the sample is that, contrary to the
other transient candidates discussed throughout the paper, this
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Table 4
Comparison of Earth’s Umbral Shadow Coverage with Observed Transient Fractions in the Northern Celestial Hemisphere (20,626.5 square degrees)
Alt. 0 N Asph Apl fsph fpl ﬁ)bs fsph/ﬁ)bs
(km) (deg)
42,164 8.69 349 2374 237.2 0.0115 0.0115 0.00328 3.50
80,000 4.57 79 66.0 65.6 0.0032 0.0032 0.00074 4.32

Note. We show the altitude (km), the shadow radius in degrees (), the number N of VASCO transients detected inside the shadow, the shadow area A, assuming
spherical sky geometry (sq. deg), shadow area Ap, assuming planar approximation (sq. deg), expected fraction fip, of transients in shadow using spherical area,
expected fraction fj; using planar area, the observed fraction fo,s of VASCO transients in shadow, and the ratio fypn/fobs-

sample has not been visually inspected. As such, it is expected
to contain a substantial number of false positives, including
clustered artifacts such as edge fingerprints or other plate
defects that contaminate our sample. In addition, the spatial
distribution of the sample is not isotropic due to inhomoge-
neous sky coverage in the original POSS-1 survey. Some
regions of the sky are more densely sampled than others,
leading to variation in the overall detection density.

However, these effects do not bias the results of our shadow
analysis. The reason is that we are comparing a small, well-
defined subset of this population—those that fall within the
Earth’s shadow cone at the time of observation—with the rest
of the same population. Since the selection effects and
potential false positives affect both the shadowed and
unshadowed regions similarly, any large and statistically
significant difference in detection rates between these regions
must reflect an intrinsic property of the detections themselves,
not an observational bias. Or to express it simply: plate defects
do not know where the Earth’s shadow is, and have no reason
to avoid that region more than any other.

The fraction of transients expected within the umbra
depends on the angular radius of Earth’s shadow at different
altitudes. We use the software library earthshadow
published by Guy Nir published (Guy Nir’s code 2024) to
estimate the size of the Earth’s Shadow at 40,000 km (8769)
and 80,000 km (4.57). The code determines whether a given
point at a specified altitude and geographic position lies inside
Earth’s shadow, based on the solar angle and the geometric
configuration of the Sun, Earth, and the object. We apply it to
each transient using their J2000 coordinates and Julian Dates.
We compare the expected and observed rates for two different
altitudes capable of producing PSF-like transients, namely
42,164 km and 80,000 km. We can calculate the expectations
based on how large fraction of the northern hemisphere is
covered by the shadow, and compare with the observed
fractions. We calculate the area in two different ways, both
based on based on spherical geometry: 27 (1—cos 8)) as well as
planar sky coverage, as an approximation. Table 4 shows the
results. We note that multiple plates (~10) fall within Earth’s
shadow, so the observed deficit is not driven by a single outlier
plate.

To estimate the statistical significance of the difference in
transient detection rates within Earth’s umbra at different
altitudes, we compute Poisson uncertainties for the observed
and expected fractions. At 42,164 km altitude, we expect
N = 1223 transients in shadow out of 106,339 total, corresp-
onding to an expected fraction of f, =0.0115 £ 0.00033.
However, we observe only N = 349 transients in shadow,
yielding fons = 0.00328 £ 0.00018. The difference between
these fractions is highly significant, with a significance level of
21.90, computed by combining the Poisson uncertainties in
quadrature:

|fexp 7f(‘)bs|

\/ ngp + U(Z)bs
~]0.0115 — 0.00328]
\/(0.00033)2 + (0.00018)2

~ 21.9.

At 80,000 km altitude, we expect N = 339 transients in
shadow out of 106,339 total, corresponding to a fraction of
fexp =0.00319 + 0.00017. However, we find only N = 79
transients in shadow, yielding f,,s = 0.00074 £ 0.000084. The
difference in these observed fractions is also highly significant,
with a significance level of 12.70, computed by combining the
Poisson uncertainties in quadrature:

|féxp 7f(;bs |

v ggxp + U(z)bs
~10.00319 — 0.00074|
J(0.00017)% + (0.000084)>

~ 12.7.

This result further strengthens the conclusion that sunlight is
necessary for producing the transient events. The strong deficit
of transients within the Earth’s umbra suggests that the
majority of these events depend on sunlight illumination,
consistent with the glint hypothesis. This strongly defies the
plate defect hypothesis and many of the alternative hypotheses
presented in Section 7.

We performed an additional test to estimate the actual
fraction of the survey sky that was covered by Earth’s shadow
during the actual POSS-I observations, and to compare it to the
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actual observed fraction of transients falling within the
shadow. The transient sample is based on 635 unique
photographic plates, each with a designated central coordinate
(R.A., decl.) in J2000 and a corresponding observation time.
Each plate spans 6° x 6° on the sky, as listed by STScl. We
simulated 180 random points per plate, for a total of 114,300
points. For each simulated point, we tested whether it would
fall within Earth’s shadow at a geosynchronous altitude
(42,164 km) during a 50 minutes exposure starting from the
recorded observation.

Out of the 114,300 simulated points (180 points per plate),
610 were found to lie within Earth’s shadow, implying
that approximately 0.53% of the survey area should be
shadowed at GSO. However, in our actual transient data set,
only 349/107,875, 0.32% of the events occur within the
shadow, corresponding to a ~39% deficit, significant at
the 7.60 level. We repeated the same procedure at a higher
altitude of 80,000 km. In this case, the actual shadow coverage
drops to (109/114,300) 0.1%, while the observed fraction of
transients (76/107,875) within the shadow is only 0.07%—a
~26% deficit, significant at the 20 level. The simulated points
within each plate are used solely to estimate the expected
geometric coverage of the Earth’s shadow during the exposure
time, and are not meant to represent the spatial distribution of
actual transients. This also suggests that a larger fraction of
objects may be located near GSO than at 80,000 km, although
the limited number of events at 80,000 km makes the
comparison statistically uncertain.

We perform an additional, conservative test on the
transients, this time assuming a total exposure time of
50 minutes. While our main shadow test assumes that the
transient event occurs at a single moment (which is reasonable
given their short duration), we now test whether the Earth’s
shadow passes through the transient’s position at any time
during a 50 minutes window. This increases the chance that the
transient would fall within the shadow. We find that 387
(0.3587%) are in the Earth Shadow at 42,168 km, and 80
(0.072%) at 80,000 km. Even under this generous upper limit
assumption, where a transient is considered shadowed if the
Earth’s shadow passes through its position at any during a
50 minutes exposure, the deficit remains strong. This result
provides robust evidence that the VASCO transients system-
atically avoid Earth’s shadow, consistent with a population of
reflective objects that are only visible while sunlit.

The normalization technique presented here is grounded in a
direct simulation of shadow coverage based on the actual
photographic plates used in the survey. Each plate’s position
and observation were used to simulate uniformly distributed
test points across the plate area, allowing us to empirically
estimate the expected fraction of the survey sky that falls
within Earth’s shadow. This approach minimizes assumptions
and avoids potential systematic biases that may arise from
analytical solid angle approximations. To avoid introducing
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spatial selection bias, we include all observed transients in the
analysis, including those clustered near the edges of the plates,
since plate defects do not know where is the Earth’s shadow.
As a quick check, nevertheless, we also test by masking edge
transients (>2° from plate center) to remove all artifacts close
to the plate edge. Removing the edge of the plate in the
analysis, yields a similar ~30% deficit in Earth’s shadow,
though with borderline significance (2.60) due to the decrease
in sample sizes.

As a note, at low altitudes—where the shadow covers a
large fraction of the plate—it is also possible to observe a
significant overdensity of transients in the shadowed region.
This is a natural consequence of the geometric coverage: when
most of the field lies in shadow, any transient—regardless of
origin—is statistically more likely to fall there. Such over-
densities are therefore not physically meaningful and cannot be
used to infer the nature or altitude of the objects. We therefore
recommend restricting the analysis to altitudes where the
Earth’s shadow covers no more than 5% of the plate area, in
order to preserve the assumption that its placement is
effectively random with respect to plate geometry and defect
distribution.

An important implication of this analysis is that the total
number of glinting objects near GSO may be significantly
underestimated if one only considers the aligned transient
candidates, since they represent only a minor subset (albeit
visually vetted) of the full transient population. Our results
suggest that a much larger population of objects capable of
producing sunlight reflections exists, as inferred from the full
VASCO transient sample. This systematic deficit of transients
in Earth’s shadow—especially at altitudes where sunlight
reflections dominate—supports the interpretation that a
significant fraction, roughly ~1/3rd of all VASCO transients,
are caused by highly reflective objects in GSO. However, in
order to determine the absolute number of such objects, we
would need to quantify the true fraction of false positives in
the sample—such as artifacts and plate defects—a major
undertaking that will be addressed in a forthcoming study.

9. The GSO Hypothesis
9.1. Object Properties

In this section, we discuss the conditions under which
reflections from objects in GSO could produce the observed
glints.

An important question is what types of object shapes and
reflective geometries are capable of creating the transient
signatures observed in the POSS-I plates. A rapidly spinning
object may produce multiple glints during a 50 minutes
exposure, whereas a more slowly rotating object might
generate only one or two.

If we assume a fast spin rated interpret the observed stripe
length d,x as corresponding to the path traversed by the
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object during the exposure, we can estimate a projected
velocity of approximately 0'5s~'. This is significantly slower
than the nominal angular velocity of an object at GSO
(~15"s7". Under these circumstances, we might expect
additional transients to be visible along the same narrow band,
particularly if the image were extended. Conversely, if the
object spins slowly and has only a few small, highly reflective
surfaces distributed across a predominantly non-reflective
structure, glints may occur only briefly during the exposure,
and only at specific orientations.

To explore this further, we use the open-source graphics
engine Blender” to simulate how various 3D shapes could
produce glinting patterns similar to those observed. We model
five distinct geometries: a sphere, a multi-faceted polyhedron,
a cone, a double pyramid, and a structure with two reflective
panels. Each shape is composed primarily of non-reflective
material, with limited flat surfaces capable of producing strong
specular reflections when oriented precisely between the
observer and the Sun. In addition to rotation, we allow for
precession in some models, which modulates the visibility and
timing of glints. The five test geometries are shown in
Figure 12.

As expected, a purely spherical object does not generate
short, distinct glints; flat, mirror-like surfaces are required. In
the cone model, we assume that that the top and bottom
surfaces are reflective, yielding double glints per rotation
cycle. Adding precession further restricts glint visibility,
producing only a few observable flashes per exposure.

The double pyramid model illustrates another plausible
case: a reflective structure that becomes partially degraded
over time, leaving only small reflective regions. With rotation
and precession, such objects may produce intermittent glints,
consistent with what we observe in the data.

Overall, we find that each of the five test shapes—under
specific assumptions regarding spin, precession, and reflective
surface coverage—can, in principle, reproduce a glinting
pattern compatible with the transients observed in POSS-I
images.

The geometric models presented in this section are intended
to demonstrate the plausibility of producing aligned glint
patterns from tumbling or precessing objects in high-altitude
orbits. We emphasize that these models are illustrative rather
than predictive, and no attempt is made to fit the specific time
separations or angular offsets of the individual candidates.

While no clear periodicity has been identified in the current
POSS-I data, it is well known from modern short-exposure
surveys that some Earth-orbiting objects, including those in
GSO, can produce isolated, PSF-like glints without clear
repetition patterns (e.g., Nir et al. 2021). This lack of
periodicity may result from slow rotation, irregular shapes,

2 www.blender.org
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or specific phase-angle constraints that produce only a few
observable flashes per orbital cycle.

Additionally, the observed sky distribution of aligned
transients does not always follow a simple great-circle
geometry, which could reflect the possibility of complex
trajectories, attitude drift, or even the presence of multiple
independent objects. Powered objects could even change their
altitudes or trajectories. We acknowledge these uncertainties
and note that more detailed modeling would be required to
establish stronger constraints on orbital parameters or glint
periodicity.

9.2. The Background Density

We use the 106,339 transients with decl. > 0° to estimate a
rough detection rate. We also count the transients within 2°
from the center to avoid potential defects on the edge of the
plate (22,314 transients). About 635 plates with 50 minutes
exposures on average, correspond to 529 hr and an average
transient rate of 36.3 transients per plate circle of 2° radius.
Based on the deficit in the Earth Shadow test in Section 8,
roughly 1/3rd of the transients appear to be due to solar
reflections, so roughly 12.1 transients per plate. We can simply
normalize 12.1 over the exposure time and plate coverage
(12.57 sq.deg), which gives us ~1.1 transients hr ' deg™? of
flux-diluted flashes, visible down to r ~ 20 mag. This transient
rate is the sum of transients on all altitudes and distances from
Earth.

Nevertheless, this comparison should be viewed as an
approximate, order-of-magnitude contrast as the the number of
transients per plate is very approximate. Also, modern short-
exposure surveys such as ZTF operate under vastly different
conditions—using CCDs, automated pipelines, and millise-
cond-level time resolution—whereas the POSS-I transients
were recorded on photographic plates with long integration
times and are subject to different detection biases and false
positive rates. A rigorous comparison would require modeling
of completeness, instrument sensitivity, and event classifica-
tion criteria, which is beyond the scope of this study.

We can also calculate the actual number density of objects.
If we assume that the population of objects has a uniform
number per surface unit (n), then the number of objects (N)

detectable at any given time is given by:
N=nxS§, (3)

where § is the spherical survey surface containing the observed
reflective objects:

, “
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Figure 12. Simulated shapes. We show five different shapes that under slow spinning could produce a handful of glints and in particular double glints. Each shape
has two highly reflective surfaces. From top to bottom: (a) cone-like shape, (b) multifaces shape, (c) sphere, (d) 3D hexagone, (e) piece of debris. Each object has
both dull and reflective materials on its surface, painted in gray respective light tones. Each object spins around an axis that also has precession, causing the reflective

surface not to be visible at all times.

and the surface area S = 27d” is calculated for the sunlit
hemisphere at the radius of a GSO d. Thus:
N
n= .
2rd?
We set d = 42,164 km as the radius of the GSO.
Using the glint detection rate of approximately ~1.1

transients per hour per square degree (assuming one detectable
glint per object per hour):

ng ~ 2.0 x 10-°km~2.

&)

(6)

These estimates provide a guide to the surface number
density of objects. However, not every object will produce
several glints. Since some objects might produce more than
one glint (see Section 3.4 in Nir et al. 2021), we can assume
that one object might produce from 5 to 20 glints. The shape
and the reflectivity of an object will determine the likelihood
for one or more glints. This uncertainty also leads to an
underestimation of the number density of objects, which could
actually be even one order of magnitude higher. The surface

density constraint quoted here is a first-order estimate based on
our event detection rate and assumed sky coverage. These
estimates do not include a full treatment of incompleteness,
observational bias, or formal statistical confidence levels, and
should therefore be interpreted as an indicative upper bound
rather than a rigorous limit. Moreover, the true fraction of false
positives in the larger sample from Solano et al. (2022), due to
plate defects or other instrumental artifacts, remains unknown.
While the overall statistical test in Section 8 is robust to this
uncertainty, the absolute number density ng, inferred here
should be interpreted with caution until a full validation of the
sample has been performed.

10. Discussion

Are there signatures of artificial objects in Earth’s orbit in
pre-Sputnik images? This is the central question explored in
the present study. We adopt a straightforward strategy:
searching for multiple transients aligned along a narrow band
within long-exposure photographic plates from a period prior
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to known artificial satellite activity. This approach follows the
principle of seeking NTAs via distinctive, low-probability
observational signatures, or “smoking gun indicators” (Villarroel
et al. 2021). Using the published catalog of VASCO transients in
the northern hemisphere (Solano et al. 2022), we identify ~83
initial candidate r-point alignments, along with a larger number
of double and triple transient groupings. Triplets are of particular
interest, as they are consistent with reflections from flat, rotating
surfaces (Deil et al. 2009). One such example was previously
reported in Solano et al. (2023).

We manually inspect all 22 candidate alignments containing
four or more transients (noting that some reduce to three after
closer analysis), and highlight the five most statistically
significant cases in Section 6. Although the uncertainties do
not allow us to compute a total occurrence probability for such
alignments across the entire survey, we do estimate the chance
probability of each event within a single image field. These
estimates—dependent on assumptions about point-spread
function widths—yield significance levels ranging from 2.5¢
to 40 for the most promising cases. Notably, three candidates
with four or more aligned points emerge as especially strong,
although two of them show minor morphological irregularities.
These are not related to FWHM differences, which are
addressed separately in the literature (Villarroel et al.
2025a). While we cannot fully exclude the possibility of rare
PSF-like optical ghosts producing the alignments, we note that
no similar features appear on the blue plates taken with similar
configurations.

Among the remaining 3-point alignments (61 in total), some
may also merit follow-up if confirmed as genuine transients.
Traditionally, this would require microscopic examination of
the original plates. However, our discovery of a statistically
significant (>30) temporal correlation between VASCO
transients and independent historical reports of UAPs (Bruehl
& Villarroel 2025) offers additional support for the authenti-
city of the transients. Plate defects or scanning artifacts are
expected to occur randomly in time; the fact that these
transient alignments appear preferentially within a day of
reported UAP events strongly disfavors instrumental or
spurious origins. In this light, the correlation itself provides
indirect but meaningful validation of the transients’ reality—
thus reducing the necessity of microscopic inspection as the
only path to confirmation.

But most importantly, Section 8 presents a critical test of the
glint interpretation: we find a strong deficit of transient
detections, at the ~22¢ statistical significance level, within the
Earth’s umbral shadow. This is consistent with the idea that
sunlight is required to produce the observed flashes. If these
events are sunlight reflections off orbiting objects, they should
vanish in the shadow cone of the Earth—exactly what we
observe. This lends substantial support to the interpretation
that the transients are real astrophysical or near-Earth events,
and not plate defects or optical ghosts. The disappearance of
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the population in Earth’s shadow would not be expected for
emulsion flaws or chemical irregularities. The same holds true
for optical ghosts.

Of particular interest is Candidate 5, which occurred on
1952 July 27—the second weekend of the widely documented
Washington D.C. “UFO flap.” This wave of sightings involved
numerous radar detections and pilot observations over two
consecutive weekends, July 18—19 and 26-27. Coincidentally,
Candidate 1 also occurred within one day of the peak of the
1954 UFO wave. The triple transient reported in Solano et al.
(2023) falls on the first weekend of the Washington event.
Importantly, these candidates were analyzed before the authors
became aware of their proximity to UAP reports, helping to
minimize cognitive bias.

Additionally, a correlation has been found between VASCO
transients and historical nuclear test dates (Bruehl &
Villarroel 2025), echoing past statistical studies linking
nuclear activity to increased UAP reports, see e.g., review
by Knuth et al. (2025). While causality remains undetermined,
the convergence of these independent correlations suggests
that the VASCO transients are not random artifacts, but
potentially linked to physical phenomena worthy of further
investigation.

Using the theoretical framework outlined earlier, we
simulate glinting patterns from plausible object shapes in
GSO. These include multifaceted and partially reflective
objects with slow spins and precessing axes. The inferred
surface density of detectable objects is 2.0 x 107° km™2,
though this estimate is subject to uncertainty both from
unknown shape and reflectivity factors (which may cause
underestimation), and from the unknown fraction of false
positives in the sample (which may cause overestimation). It is
worth considering whether such a population could be
associated with the so-called uncorrelated targets (UCTs),
which have been consistently reported in substantial numbers
by military optical sensors and radars since the early 1960s.%

Although the GSO hypothesis is consistent with the data, no
clear evidence for periodic or quasi-periodic glinting has yet
been identified. Objects spinning slowly or possessing
complex reflective geometries may produce only a few flashes,
complicating efforts to establish a repeating signature. More-
over, it remains possible that some events extend beyond the
field of view of a single plate. An object moving at ~10” per
second could traverse up to 10° during a 50 minutes exposure,
suggesting the possibility of longer alignment chains than
those captured here.

Conversely, if all transients were to be confirmed as false
positives—e.g., due to rare but star-like photographic plate
artifacts—our search still constitutes a meaningful upper limit

2 For example, see declassified U.S. Department of Defense documents
released under FOIA, available via The Black Vault: https://documents2.
theblackvault.com/documents /dtic/FOIA2014-128-GC8000301.pdf.
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on the density of NTAs in the near-Earth environment. In this
scenario, we derive a rough surface density constraint of
<10 objects km 2 for high-altitude orbits in the Earth’s
vicinity (thousands to hundreds of thousands of kilometers),
even if this limit must be carefully approached due to the lack
of modeling for bias and incompleteness. Thus, regardless of
interpretation, our findings provide new constraints on possible
technosignatures near Earth.

Future work should consider searching for ‘“dashed-line”
alignments over larger plate regions, and investigating subtle
elongation effects in high-resolution digitizations. Such
elongations could indicate motion across the sky or large
object size, especially if consistent with the alignment
direction.

In summary, we have presented a small but compelling set
of aligned transient candidates from a pre-satellite era sky
survey. While the ultimate explanation remains uncertain, the
convergence of spatial alignment, statistical significance, and
temporal correlation with independent aerial anomaly reports
supports the view that these events are likely real—and may
represent a class of astronomical phenomena not yet under-
stood. Alternative explanations are discussed in Section 7.

11. Conclusions

This paper presents a first systematic search for multiple,
simultaneously appearing and vanishing optical point sources
on long-exposure photographic plates that also exhibit spatial
alignment. We focus on the red POSS-I plates, and present five
top candidate events with three or more transients aligned
along a narrow band. The most statistically significant case
(Candidate 5) coincides in time with the well-documented
Washington D.C. 1952 UFO flap—one of the most prominent
mass sightings of UAPs in recorded history. A separate study
(Bruehl & Villarroel 2025) confirms a statistically significant
(>30) temporal correlation between VASCO transients and
independent historical UAP reports.

The origin of the transients remains unknown. One plausible
explanation is that they are caused by brief light emissions
from artificial objects in orbit or by objects with anomalous
movements in Earth’s atmosphere—emissions so brief that
they appear as point sources rather than streaks, despite the
telescope tracking the stars. Alternatively, they could arise
from solar reflections off flat, highly reflective surfaces at
geosynchronous altitudes. The latter interpretation is further
supported by our shadow test in Section 8, which reveals a
significant deficit of such events within the Earth’s umbra,
consistent with a solar reflection origin and difficult to
reconcile with many explanations, including photographic
plate defects.

Our results motivate continued investigation of historical
sky surveys and the application of similar alignment-based
detection methods to modern deep-sky imaging. Whether or
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not these events ultimately point to the existence of NTAs, the
identification of statistically improbable, spatially aligned
transients in pre-satellite data represents a novel observational
anomaly deserving of further scientific attention. Future work
may help clarify whether these transients constitute a new
class of astronomical phenomena—or represent the first hints
of artificial activity near our planet.

Acknowledgments

B.V. wishes to thank the anonymous referee, that gave
challenges and suggestions that great improved this work. B.V.
wishes to thank Dennis ;\sberg for his support and for
inspiring discussions about the work. She also wishes to thank
Dave Altman for teaching her about the Washington 1952
UFO flap. B.V. also wishes to thank Geoff Marcy, Avi Loeb
(Galileo project), Robert Powell (SCU/Galileo), Sarah Little
(SCU/Galileo) for helpful and constructive comments.

The Digitized Sky Surveys were produced at the Space
Telescope Science Institute under U.S. Government grant No.
NAG W-2166. The images of these surveys are based on
photographic data obtained using the Oschin Schmidt Tele-
scope on Palomar Mountain and the UK Schmidt Telescope.
The plates were processed into the present compressed digital
form with the permission of these institutions. The National
Geographic Society—Palomar Observatory Sky Atlas (POSS-
I) was made by the California Institute of Technology with
grants from the National Geographic Society. The Second
Palomar Observatory Sky Survey (POSS-II) was made by the
California Institute of Technology with funds from the
National Science Foundation, the National Geographic
Society, the Sloan Foundation, the Samuel Oschin Foundation,
and the Eastman Kodak Corporation. The Oschin Schmidt
Telescope is operated by the California Institute of Technology
and Palomar Observatory. The UK Schmidt Telescope was
operated by the Royal Observatory Edinburgh, with funding
from the UK Science and Engineering Research Council (later
the UK Particle Physics and Astronomy Research Council),
until 1988 June, and thereafter by the Anglo-Australian
Observatory. The blue plates of the southern Sky Atlas and
its Equatorial Extension (together known as the SERC-J), as
well as the Equatorial Red (ER), and the Second Epoch [red]
Survey (SES) were all taken with the UK Schmidt. All data are
subject to the copyright given in the copyright summary.
Copyright information specific to individual plates is provided
in the downloaded FITS headers. Supplemental funding for
sky-survey work at the STScl is provided by the European
Southern Observatory.

This research has made use of the Spanish Virtual
Observatory (http://svo.cab.inta-csic.es) supported from Min-
isterio de Ciencia e Innovacién through grant PID2020-
112949GB-100. B.V. is funded by the Swedish Research
Council (Vetenskapsradet, grant No. 2024-04708 ) and is also


http://svo.cab.inta-csic.es

Publications of the Astronomical Society of the Pacific, 137:104504 (22pp), 2025 October

supported by an anonymous donor to whom she is deeply
grateful. M.E.S. acknowledges financial support from the
Annie Jump Cannon Fellowship, supported by the University
of Delaware and endowed by the Mount Cuba Astronomical
Observatory.

Data Availability

Data will be shared on reasonable request to the corresp-
onding author.

ORCID iDs

Alina Streblyanska ® https: //orcid.org/0000-0001-8876-9102

References

Andruk, V., Eglitis, I., Protsyuk, Y., et al. 2019, OAP, 32, 181

Andruk, V., Kharchenko, N., Schilbach, E., & Scholz, R.-D. 1995, AN,
316, 225

Andruk, V. M., Pakuliak, L. K., Golovnia, V. V., et al. 2017, Sciln, 13, 17

Bracewell, R. N. 1960, Natur, 186, 670

Bruehl, S., & Villarroel, B. 2025, Scientific Reports, in press, https://www.
researchsquare.com/article /rs-6347224 /v1

Corbett, H., Law, N. M., Soto, A. V., et al. 2020, ApJL, 903, L27

Deil, C., Domainko, W., Hermann, G., et al. 2009, APh, 31, 156

Edmunds, M. G. 1981, Natur, 290, 481

Edmunds, M. G., & George, G. H. 1985, MNRAS, 213, 905

Freitas, R. A., Jr., & Valdes, F. 1980, Icar, 42, 442

Freitas, R. A., Jr., & Valdes, F. 1985, AcAau, 12, 1027

Greiner, J., Wenzel, W., & Degel, J. 1990, A&A, 234, 251

22

Villarroel et al.

Grindlay, J., Tang, S., Los, E., & Servillat, M. 2012, in IAU Symp. 285, New
Horizons in Time-Domain Astronomy, Proc. Int. Astronomical Union
(Cambridge: Cambridge Univ. Press), 29

Guy Nir’s code 2024, https://github.com/guynir42 /earthshadow

Hambly, N. C., & Blair, A. 2024, RASTI, 3, 73

Hambly, N. C., MacGillivray, H. T., Read, M. A., et al. 2001, MNRAS,
326, 1279

Haqq-Misra, J., & Kopparapu, R. 2012, AcAau, 72, 15

Irureta-Goyena, B. Y., et al. 2025, PASP, 137, 054503

Knuth, K. H., Ailleris, P., Agrama, H. A., et al. 2025, Progress in Aerospace
Sciences, 156, 101097, https://www.sciencedirect.com/science/article/
abs/pii/S0376042125000235

Nir, G., Ofek, E. O., Ben-Ami, S., et al. 2021, MNRAS, 505, 2477

Solano, E., Villarroel, B., Rodrigo, C., et al. 2022, MNRAS, 515, 1380

Solano, E., Marcy, G., Villarroel, B., et al. 2023, MNRAS, 527, 6312

Teodorani, M. 2004, Journal of Scientific Exploration, 18, 217

Tokovinin, A. 2002, PASP, 114, 1156

Valdes, R. A., & Freitas, F., Jr. 1983, Icar, 53, 453

Vavilova, I. B., Pakulyak, L. K., Shlyapnikov, A. A., et al. 2012, KPCB,
28, 85

Vavilova, I. B., Yatskiv, Y. S., & Pakuliak, L. K. 2017, in IAU Symp. 325,
Astroinformatics, Proc. Int. Astronomical Union (Cambridge: Cambridge
Univ. Press), 361

Villarroel, B. 2024, The Vanishing Star Enigma and the 1952 Washington D.
C. UFO Wave (Popular Science)

Villarroel, B., Imaz, 1., & Bergstedt, J. 2016, AJ, 152, 76

Villarroel, B., Marcy, G. W., Geier, S., et al. 2021, NatSR, 11, 12794

Villarroel, B., Mattsson, L., Guergouri, H., et al. 2022a, AcAau, 194, 106

Villarroel, B., Pelckmans, K., Solano, E., et al. 2022b, Univ., 8, 561

Villarroel, B., Solano, E., & Marcy, G. W. 2025a, arXiv:2507.15896

Villarroel, B., Soodla, J., Comerédn, S., et al. 2020, AJ, 159, 8

Villarroel, B., Watters, W. A., Streblyanska, A., Solano, E., & Geier, S. 2025b,
MNRAS, in press

Waszczak, A., Prince, T. A., Laher, R, et al. 2017, PASP, 129, 034402


https://orcid.org/0000-0001-8876-9102
https://doi.org/10.18524/1810-4215.2019.32.181596
https://ui.adsabs.harvard.edu/abs/2019OAP....32..181A/abstract
https://doi.org/10.1002/asna.2103160409
https://ui.adsabs.harvard.edu/abs/1995AN....316..225A/abstract
https://ui.adsabs.harvard.edu/abs/1995AN....316..225A/abstract
https://doi.org/10.15407/scine13.01.015
https://ui.adsabs.harvard.edu/abs/2017SciIn..13A..17A/abstract
https://doi.org/10.1038/186670a0
https://ui.adsabs.harvard.edu/abs/1960Natur.186..670B/abstract
https://www.researchsquare.com/article/rs-6347224/v1
https://www.researchsquare.com/article/rs-6347224/v1
https://doi.org/10.3847/2041-8213/abbee5
https://ui.adsabs.harvard.edu/abs/2020ApJ...903L..27C/abstract
https://doi.org/10.1016/j.astropartphys.2008.12.008
https://ui.adsabs.harvard.edu/abs/2009APh....31..156D/abstract
https://doi.org/10.1038/290481a0
https://ui.adsabs.harvard.edu/abs/1981Natur.290..481E/abstract
https://doi.org/10.1093/mnras/213.4.905
https://ui.adsabs.harvard.edu/abs/1985MNRAS.213..905E/abstract
https://doi.org/10.1016/0019-1035(80)90106-2
https://ui.adsabs.harvard.edu/abs/1980Icar...42..442F/abstract
https://doi.org/10.1016/0094-5765(85)90031-1
https://ui.adsabs.harvard.edu/abs/1985AcAau..12.1027F/abstract
https://ui.adsabs.harvard.edu/abs/1990A&A...234..251G/abstract
https://ui.adsabs.harvard.edu/abs/2012IAUS..285...29G/abstract
https://github.com/guynir42/earthshadow
https://doi.org/10.1093/rasti/rzae004
https://ui.adsabs.harvard.edu/abs/2024RASTI...3...73H/abstract
https://doi.org/10.1111/j.1365-2966.2001.04660.x
https://ui.adsabs.harvard.edu/abs/2001MNRAS.326.1279H/abstract
https://ui.adsabs.harvard.edu/abs/2001MNRAS.326.1279H/abstract
https://doi.org/10.1016/j.actaastro.2011.10.010
https://ui.adsabs.harvard.edu/abs/2012AcAau..72...15H/abstract
https://doi.org/10.1088/1538-3873/add379
https://ui.adsabs.harvard.edu/abs/2025PASP..137e4503I/abstract
https://doi.org/10.1016/j.paerosci.2025.101097
https://doi.org/10.1016/j.paerosci.2025.101097
https://www.sciencedirect.com/science/article/abs/pii/S0376042125000235
https://www.sciencedirect.com/science/article/abs/pii/S0376042125000235
https://doi.org/10.1093/mnras/stab1437
https://ui.adsabs.harvard.edu/abs/2021MNRAS.505.2477N/abstract
https://doi.org/10.1093/mnras/stac1552
https://ui.adsabs.harvard.edu/abs/2022MNRAS.515.1380S/abstract
https://doi.org/10.1093/mnras/stad3422
https://ui.adsabs.harvard.edu/abs/2024MNRAS.527.6312S/abstract
https://doi.org/10.1086/342683
https://ui.adsabs.harvard.edu/abs/2002PASP..114.1156T/abstract
https://doi.org/10.1016/0019-1035(83)90209-9
https://ui.adsabs.harvard.edu/abs/1983Icar...53..453V/abstract
https://doi.org/10.3103/S0884591312020067
https://ui.adsabs.harvard.edu/abs/2012KPCB...28...85V/abstract
https://ui.adsabs.harvard.edu/abs/2012KPCB...28...85V/abstract
https://ui.adsabs.harvard.edu/abs/2017IAUS..325..361V/abstract
https://doi.org/10.3847/0004-6256/152/3/76
https://ui.adsabs.harvard.edu/abs/2016AJ....152...76V/abstract
https://doi.org/10.1038/s41598-021-92162-7
https://ui.adsabs.harvard.edu/abs/2021NatSR..1112794V/abstract
https://doi.org/10.1016/j.actaastro.2022.01.039
https://ui.adsabs.harvard.edu/abs/2022AcAau.194..106V/abstract
https://doi.org/10.3390/universe8110561
https://ui.adsabs.harvard.edu/abs/2022Univ....8..561V/abstract
http://arXiv.org/abs/2507.15896
https://doi.org/10.3847/1538-3881/ab570f
https://ui.adsabs.harvard.edu/abs/2020AJ....159....8V/abstract
https://doi.org/10.1088/1538-3873/129/973/034402
https://ui.adsabs.harvard.edu/abs/2017PASP..129c4402W/abstract

www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Transients in the Palomar
Observatory Sky Survey (POSS-I)
may be associated with nuclear
testing and reports of unidentified
anomalous phenomena

Stephen Bruehl** & Beatriz Villarroel?

Transient star-like objects of unknown origin have been identified in the first Palomar Observatory
Sky Survey (POSS-1) conducted prior to the first artificial satellite. We tested speculative hypotheses
that some transients are related to nuclear weapons testing or unidentified anomalous phenomena
(UAP) reports. A dataset comprising daily data (11/19/49—4/28/57) regarding identified transients,
nuclear testing, and UAP reports was created (n=2,718 days). Results revealed significant (p=.008)
associations between nuclear testing and observed transients, with transients 45% more likely on
dates within + /- 1 day of nuclear testing. For days on which at least one transient was identified,
significant associations were noted between total number of transients and total number of
independent UAP reports per date (p=0.015). For every additional UAP reported on a given date, there
was an 8.5% increase in number of transients identified. Small but significant (p=.008) associations
between nuclear testing and number of UAP reports were also noted. Findings suggest associations
beyond chance between occurrence of transients and both nuclear testing and UAP reports. These
findings may help elucidate the nature of POSS-I transients and strengthen empirical support for the
UAP phenomenon.

Keywords Transient, Unidentified anomalous phenomena, UAP, UFO, Nuclear testing

Transient star-like objects have been identified in sky surveys conducted prior to the launch of the first artificial
satellite on October 4, 19572, These short-lived transients (lasting less than one exposure time of 50 min) have
point spread functions and are absent in images taken shortly before the transients appear and in all images
from subsequent surveys®. As reported previously in this journal®, in some cases multiple transients appear in
a single image, exhibiting characteristics not easily accounted for by prosaic explanations (e.g., gravitational
lensing, gamma ray bursts, fragmenting asteroids, plate defects)*!. We have identified numerous transients in
the Palomar Observatory Sky Survey (POSS-I) as well as in other sky surveys as part of the Vanishing and
Appearing Sources during a Century of Observations (VASCO) project!~>.

The source of the transients identified remains unknown and cannot be directly tested due to their historical
nature. Nonetheless, examination of contemporaneous correlates of these transients may provide information
useful for elucidating their possible origin. Systematic research of this type has not previously been conducted.
However, anecdotal reports suggest speculative hypotheses regarding possible correlates of transients for which
sufficient data are available to enable empirical testing.

Possible associations of transients with nuclear weapons testing might be considered for two reasons.
From 1951 until the launch of Sputnik in 1957, at least 124 above-ground nuclear tests were conducted by
the United States (U.S.), Soviet Union, and Great Britain. In some circumstances, nuclear radiation is known
to cause a visible glow (i.e., Cherenkov radiation)®. This phenomenon can be observed in the atmosphere in
response to high energy particles (e.g., gamma rays), although it is influenced by both particle energies and
atmospheric density®. Consistent with this concept, glowing “fireballs” in the sky were reported in multiple
instances to occur shortly after nuclear tests in locations where significant nuclear fallout was expected”.

1Department of Anesthesiology, Vanderbilt University Medical Center, 701 Medical Arts Building, 1211 Twenty-First
Avenue South, Nashville, TN 37212, USA. ?Nordita, KTH Royal Institute of Technology and Stockholm University,
Hannes Alfvéns Vég 12, 106 91, Stockholm, Sweden. “‘email: Stephen.Bruehl@vumc.org

Scientific Reports | (2025) 15:34125 | https://doi.org/10.1038/s41598-025-21620-3 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-21620-3&domain=pdf&date_stamp=2025-9-29

www.nature.com/scientificreports/

Based on such observations, we hypothesize that some transients might represent an unrecognized atmospheric
effect of nuclear testing. Alternatively, it is also possible that fallout from nuclear testing may itself cause
direct contamination of astronomical photographic plates, with a characteristic appearance of fogged spots
noted on X-Ray sensitive photographic film’. We also considered a very different potential reason for links
between nuclear testing and transients. Contemporaneous newspaper accounts and records from the Air Force’s
Project Blue Book investigation of what are now called Unidentified Anomalous Phenomena (UAP) indicate
that unusual, apparently metallic objects of unknown origin were reported in the sky on multiple occasions on
dates immediately before, during, and after nuclear weapons tests”. UAP have often been reported at nuclear
power plants and sites involved in nuclear weapons production as well”'°. We hypothesized that if UAP seen
during nuclear tests were metallic, they might reflect sunlight (or possibly emit light directly) and thus appear
as transients if they were in geosynchronous orbits immediately before or after their appearance during nuclear
testing.

In an extension of this latter hypothesis, transients might also be associated with witness reports of UAP more
broadly, outside of the nuclear testing context. Consistent with this, we note POSS-I images from July 19, 1952
and July 27, 1952, each of which exhibit multiple bright transients (see Fig. 1)*!!. These dates coincide with two
consecutive weekends during which multiple UAP were observed for several hours both visually and on radar
over Washington, D.C.!"12, We speculate that some transients could potentially be UAP in Earth orbit that, if
descending into the atmosphere, might provide the stimulus for some UAP sightings.

In the current study, we conducted a preliminary test of the speculative hypotheses above using a database we
have created of > 100,000 transients identified in POSS-I survey images (see Methods). Each of these transients
does not appear in a POSS-I image taken shortly before or in images from subsequent surveys. We examined
associations of both the presence of any transient (Yes/No) and the number of transients (across the entire sky)
identified on each date with: 1) dates of above-ground nuclear testing (from publicly available sources) and
2) reports of at least one UAP on that date (Yes/No) and the total number of independent UAP reported on
that date in a comprehensive database of UAP witness reports (UFOCAT; see Methods). While we anticipated
significant noise in the UAP sighting data (e.g., due to witness error) and potentially in the transient data as well
(e.g., misidentifications related to dust, cosmic radiation, etc.), we believed it was important to subject these
novel hypotheses to direct empirical test to provide a preliminary evaluation of possible associations between
observed transients and both nuclear testing and UAP sightings.

Results

Descriptive characteristics

Transient data were available for the period November 19, 1949 — April 28, 1957, inclusive, with the latter date
more than 5 months prior to the launch of the first artificial satellite (Sputnik). Of the 2,718 days in this period,
transients were observed on 310 days (11.4%). In the overall sample, the number of transients per date ranged
from 0 to 4,528 (across multiple locations on multiple plates), with 5% trimmed mean =10.09 and median=0.0.
The distribution of number of transients per date was highly right-skewed (skewness = 10.35) and over-dispersed
(variance =28,938.64).

Above-ground nuclear weapons tests (U.S., Soviet, and British) were conducted on 124 days (4.6%) during
the study period. UAP reports were recorded in the UFOCAT database on 2,428 days during the study period
(89.3%). For days on which atleast one UAP sighting was reported, the 5% trimmed mean number of independent
sightings (i.e., in different states or countries) was 3.77, with a median of 3.0 sighting reports. The number of
UAP reports was significantly higher within a nuclear testing window (5% trimmed mean = 3.68) than outside
of a nuclear testing window (5% trimmed mean = 3.31; Mann-Whitney U =447,057, p =0.008), suggesting some
degree of association between these two outcomes.

Association of transients with nuclear weapons testing

We first tested for possible associations between occurrence of transients and nuclear weapons tests. The
primary nuclear testing outcome reflected a window comprising the test date+/- 1 day (see Methods). Potential
associations with transients were tested in two ways. Table 1 displays a 2 X 2 crosstabulation portraying whether
each date was within a nuclear testing window (Yes/No) by whether any transient was observed on that date
(Yes/No). Transients occurred significantly more often within a nuclear testing window than outside of a nuclear
testing window, Chi-Square (1) =6.94, p=0.008. We note that 15.6% of nuclear test dates were associated with
at least one transient whereas only 10.8% of dates outside of a nuclear testing window were associated with a
transient. Our findings indicated that the relative risk ratio for a transient to occur when within a nuclear test
window (relative to being outside of a nuclear test window) was 1.45 (95% Confidence Interval: 1.10 - 1.90).
Thus, a transient was 45% more likely to be observed on dates within a nuclear test window (day of test + /- 1 day)
compared to dates outside of a nuclear test window.

Follow-up secondary analyses were then conducted to examine in more granular fashion the timing of the
association between nuclear testing and occurrence of transients. Table 2 summarizes the association between
occurrence of transients and different time windows relative to nuclear testing, ranging from 2 days before a test
until 2 days after a test. The only association that reached statistical significance was for the association in which
transients occur 1 day after nuclear testing. Transients were observed on 18.5% of days that were 1 day following
a nuclear test, whereas transients were noted on only 11.0% of days not meeting this criterion. These findings
indicate that the chances of observing a transient were 68% higher on the day following a nuclear test compared
to days unassociated with nuclear testing.

Beyond dichotomous occurrence of transients, we also tested for differences in the total number of transients
observed on a given date as a function of whether that date fell within a nuclear testing window. Significantly
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Fig. 1. Four exposures of the 3 x 3 arcmin region of sky centered on the triple transient identified in July
1952. Upper left: The POSS I red image on July 19, 1952 at 8:52 (UT) containing the triple transient just above
center. Upper right: A 10 m exposure POSS I blue image of the same region taken immediately afterward with
no evidence of the triple transient. Lower left and right: POSS I red (left) and blue (right) images taken two
months later (September 14, 1952) showing the transient still gone. Adapted from Solano et al. (2024)*.

more transients were observed on dates within a nuclear testing window (5% trimmed mean=23.40) than
outside of a nuclear testing window (5% trimmed mean = 8.55; Mann-Whitney U=431,649.5, p=0.007).

Association of transients with UAP sightings

Because UAP reports were so common (at least one report on 89.3% of study dates), examination of possible
links between transients and UAP sightings as dichotomous measures was of limited value (this test was not
significant; Chi-Square=2.43, p=0.12). Instead, statistically more powerful analyses based on continuous
measures were used to test associations between the number of UAP reports and number of transients observed
on a given date. These analyses employed two approaches. The first approach simply examined the correlation
between number of transients and number of UAP sighting reports on a given night. This analysis was restricted
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Transient observed?
Within a nuclear testing window? | No Yes
No 2,116 (89.2%) | 255 (10.8%)
Yes 293 (84.4%) 54 (15.6%)

Table 1. 2 X 2 crosstabulation of transient status on a given date by whether that date fell within a nuclear
testing window (test date +/- 1 day). Frequency (and percentage across nuclear testing window categories) are
presented. Differences across cells are significant (p=.008).

Relative risk (95%

CI) of transient
Time window relative to nuclear | Percentage of transient positive | Percentage of transient positive occurring within
test days within nuclear window days outside of nuclear window | Chi square value | P value | nuclear window
2 days before test 13.7 11.2 0.726 0.394 1.22 (0.775, 1.924)
1 day before test 14.5 11.2 1.307 0.253 1.30 (0.835, 2.017)
Day of test 15.3 11.2 2.016 0.156 1.37 (0.894, 2.102)
1 day after test 18.5 11.0 6.647 0.010 1.68 (1.145, 2.472)
2 days after test 12.9 11.3 0.290 0.590 1.14 (0.712, 1.822)

Table 2. Associations of transients with nuclear testing within different time windows. CI= Confidence
Interval.

to dates on which at least one transient occurred (n=310), an analysis that eliminates the substantial bias due
to the large number of zero values in the transient data (there were no transients observed on 88.5% of the days
in the dataset). This simple analysis revealed a very small but statistically significant association (i.e., beyond
chance) between the total number of transients and total UAP reports on a given date (Spearman’s rho=0.138,
p=0.015). A scatterplot of this association is presented in Fig. 2.

To address limitations of the simple correlation analysis approach above, we employed a second and
statistically more powerful analytic approach to test our transient-UAP hypothesis in a manner that utilized
all of the information available in the data. That is, we observed that the total number of transients per date
was highly right-skewed and over-dispersed, approximating a negative binomial distribution. We therefore
used Generalized Linear Model (GLM) analyses specifying a negative binomial distribution to test associations
between number of UAP reports and number of transients each day in the overall sample. Model fit was good
(Chi Square=18.50). Results revealed a significant positive association between number of UAP reported and
number of transients observed (Beta=0.081, Standard Error=0.006, p<0.001). The exponentiated parameter
estimate [Exp(B)] =1.085] indicated that for every additional UAP reported on a given date, there was an 8.5%
increase in the number of transients observed.

Finally, because both nuclear testing and UAP reports were individually associated with transients, we also
explored whether their linear combination was associated with total number of transients (i.e., are the observed
associations additive?). We created a new categorical variable coded as follows: 0=No UAP on that date and
the date was not within a nuclear testing window, 1= At least one UAP report that date or the date was within
a nuclear testing window, and 2 = At least one UAP report that date and the date was within a nuclear testing
window. The dependent variable was total number of transients for each date, so for reasons described above
we again used a GLM analysis specifying a negative binomial distribution. Results were statistically significant,
Beta=1.073, Standard Error=0.0834, p <0.001. Estimated marginal means (with 95% confidence intervals) for
each group are presented in Table 3. Dates with no UAP reports that were not within a nuclear testing window
were associated with the fewest total transients whereas dates with at least one UAP report and that were within
anuclear testing window displayed the highest total number of transients. All pairwise differences between these
individual groups were significant (p’s <0.001) and the 95% confidence intervals for each did not overlap. The
overall pattern of results suggests that associations of UAP reports and nuclear testing with number of observed
transients may be additive.

Discussion

This study provided a preliminary test of hypothesized associations between short-lived star-like transients
identified in POSS-I sky survey images from 1949 and 1957 and both nuclear weapons testing and reports of
UAP sightings. The study premise was that identifying contemporaneous correlates of transients might help
elucidate their nature and origin, which currently is unknown. Our results revealed several intriguing statistical
associations.

First, although not the primary study focus, we observed a small but statistically-significant association
between nuclear weapons testing and increased UAP sightings. Significantly more UAP sightings were
reported within nuclear weapons testing windows (test date +/- 1 day) than outside of testing windows. To our
knowledge, this statistical association has not previously been reported in the peer-reviewed literature, although
it is consistent with anecdotal reports of such associations’.
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Fig. 2. Scatterplot of total number of transients identified by total number of independent UAP reports
for dates on which at least one transient occurred (n=310). Both variables have been log10 transformed to
enhance scaling for clarity.

Combined predictor group Mean total transients | Standard error | 95% confidence interval
No UAP reports and not in nuclear window | 20.0 1.24 17.69, 22.57
>1 UAP report or within nuclear window | 40.6 0.89 38.88,42.38
>1 UAP report and within nuclear window | 58.4 3.25 52.39,65.15

Table 3. Estimated marginal means for total number of transients identified per date across the three
combined predictor groups (+/- UAP reports combined with + /- nuclear testing window). All pairwise
comparisons are significant at p <.001.

Next, in tests of our primary hypotheses, we found that both dichotomous occurrence of transients and
the total number of transients observed on a given date were associated with nuclear testing beyond chance.
Transients were 45% more likely to be observed on dates that were within a nuclear test window than on dates not
in a nuclear test window. More granular examination of the temporal sequencing of these associations revealed
that the strongest (and only significant) association was between nuclear testing and increased likelihood of a
transient occurring one day after that test.

We also note an intriguing incidental finding regarding possible nuclear testing-transient links. The last date
on which a transient was observed within a nuclear testing window in this dataset was March 17, 1956, despite
there being an additional 38 above-ground nuclear tests in the subsequent 13 months of the study period. A
prior study of associations between UAP reports and nuclear weapons-related production and assembly sites
(excluding nuclear weapons tests) concluded that elevated UAP activity at such sites began in 1948, increased
dramatically and continued through 1952, but then precipitously decreased in 1953 and remained low through
1975 (end of their study period)!'’. This sudden and sustained decrease in UAP reports at nuclear production
facilities in 1953 occurred despite major new nuclear weapons production and assembly facilities coming online
during that time (e.g., the Savannah River and Pantex sites) . Taken together, the period between 1953 and 1956
seems to mark a shift in a multiyear pattern of apparent UAP-nuclear associations. While the meaning of these
parallel decreases in UAP activity at both nuclear weapons production and testing locations in the mid-1950s
is unclear, they may represent convergent evidence for the validity of associations between UAP and nuclear
weapons-related activity.
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Finally, our hypothesis of associations between transients and UAP reports was also supported. We detected
a very small positive correlation, which was well beyond chance, between the number of transients observed
and the number of UAP reported on a given date (Spearman’s rho=0.14). This association was observed when
analyses were restricted to dates on which at least one transient occurred, an analysis mitigating the potentially
significant bias resulting from the large proportion of dates (88.5%) on which no transients were observed. This
finding supports our hypothesis of potentially meaningful associations between transients and UAP reports.
Other analyses examining the full sample indicated that for every additional UAP reported on a given date, there
was an 8.5% increase in number of transients observed on that date. Overall, findings of this study support our
speculative hypotheses that transients exhibit some degree of association with both nuclear testing and reports
of UAP. Our results further suggest these associations are additive, with the largest number of transients seen for
dates within a nuclear testing window on which at least one UAP was reported.

Our findings do not definitively indicate what transients are nor do they necessarily imply causal associations.
However, our results do argue against several prosaic explanations for transients. Our overall pattern of results
is clearly not consistent with the proposition that most transients are due to contamination or defects in
photographic plates or scanned images, or to any other local confounds at the observatory itself. Contamination
of photographic plates by nuclear fallout produces diffuse fogged spots quite different in appearance than the
discrete star-like brightness profiles with point spread functions characteristic of transients®’. These explanations
would also not account for the association of transients with UAP reports from multiple locations distant from
the observatory. Associations between transients and both UAP and nuclear testing reported in this study also
cannot be plausibly attributed to any form of observer bias, as the existence of transients was unknown at the
time they occurred and the dates/times of nuclear tests were generally unknown to the individuals who were
reporting the UAP. Finally, the fact that transients were most likely to occur one day after a nuclear test (rather
than the day of the test) argues against bomb debris ejected into the atmosphere as a plausible explanation.

Regarding what transients might be, our findings point toward two hypotheses that could account for
associations of transients with both nuclear testing and UAP reports. The first involves an unexpected and
previously undocumented atmospheric phenomenon triggered by nuclear detonations or related to nuclear
fallout that may serve as a stimulus for some UAP reports and appear as transients on astronomical images.
While the latter is potentially plausible, effects in the atmosphere (rather than geosynchronous orbit) would be
likely to result in a streak on the image over the 50 min exposure, yet all transients appear as distinct point sources
rather than streaks. Moreover, this hypothesis is made even more unlikely given that transients were most often
observed one day after a nuclear test; such atmospheric phenomena would have to be sustained and remain
localized in one location for approximately 24 h to account for the visual appearance of transients. The second
hypothesis is more speculative, drawing on a well-known strand of UAP lore suggesting that nuclear weapons
may attract UAP”8. While this alleged connection has been claimed for decades based on anecdotal evidence, it
has until now lacked any systematic supporting data. Within this latter hypothesis, our results could be viewed
as indicating that transients are artificial, reflective objects either in high-altitude orbits around Earth!® or at
high altitudes within the atmosphere. Whether and how this hypothesis might be further tested remains to be
determined. Regardless of what transients are ultimately determined to be, our results add to growing evidence
supporting the interpretation of transients as real observations"*!? rather than as emulsion defects.

The small magnitude of the significant associations reported must be addressed. Detection of these small
effects was enabled by the high statistical power resulting from the large sample size available. Several factors
may have contributed to the small magnitude of the associations observed. These associations may have been
limited in part by noise in the transient data. Automated methods were applied to identification of the > 100,000
transients comprising the data examined in this study. While a small subset of these have been subjected to
manual confirmation, application of more sophisticated systematic validation methods employing artificial
intelligence might reduce any misidentifications of transients and result in a higher signal to noise ratio, thereby
increasing the magnitude of associations like those reported here. There is also undoubtedly substantial noise in
the UAP data examined that could have minimized the size of observed associations. Witness reports are affected
by various types of errors'*~!6 and reports in the UFOCAT database that provided UAP data for the current
work have not been evaluated for validity in any systematic way. Additionally, the magnitude of the associations
between transients and both nuclear tests and UAP might have been limited by the fact that the Palomar
Observatory from which transients were observed only provides observations from a single geographic point,
whereas nuclear weapons tests and UAP reports can occur worldwide. Finally, transients may be heterogeneous
in nature and derived from multiple causes, limiting the magnitude of their association with any single correlate.

In conclusion, data obtained prior to launch of the first artificial satellite in 1957 reveal small but statistically-
significant associations between short-lived star-like transients and both above-ground nuclear weapons testing
and UAP sightings. Our findings provide additional empirical support for the validity of the UAP phenomenon
and its potential connection to nuclear weapons activity, contributing data beyond eyewitness reports. The
possibility that some transients may represent UAP events in orbit captured on photographic plates prior to the
launch of the first artificial satellite cannot be ruled out. This study adds to the small peer-reviewed literature
seeking to apply systematic scientific methods to the study of UAP-related data®!'%17-20, The ultimate importance
of the associations reported in the current work for enhancing understanding of transients and UAP remains to
be determined.

Methods

Data sources

Transient data

The initial transient dataset consisted of a list of 107,875 transients identified that occurred between 11/19/49
and 4/28/57. These transients were identified in publicly-available scanned images from the POSS-I survey
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available on the DSS Plate Finder website (https://archive.stsci.edu/cgi-bin/dss_plate_finder). The process used
to identify transients and eliminate misidentifications was conducted via an automated workflow detailed fully
in Solano et al.!. In brief, transients were defined as distinct star-like point sources present in POSS-I E Red
images that were absent both in images taken immediately prior to the POSS-I Red image and in all subsequent
images. A final criterion for classifying an object as a transient was that there were no counterparts either in
PanStarrs DR1 or Gaia DR3 at less than 5 arcsec.

This transient dataset contained the dates, times, and coordinates of each transient identified. For many dates,
transients were noted in multiple images reflecting observations of different locations in the sky. The transient
dataset (ASCII format) was converted to an SPSS for Windows data file that included a single line for each
date on which at least one transient occurred, with a count variable created to summarize the total number of
transients observed on each date.

Nuclear weapons testing data
An SPSS dataset was created from public sources which included the dates of all above-ground nuclear weapons
tests during the study period. Tests conducted by the United States were identified from:

https://nnss.gov/wp-content/uploads/2023/08/DOE_NV-209_Rev16.pdf

Tests conducted by the Soviet Union were identified from: https://en.wikipedia.org/wiki/List_of_nuclear_w
eapons_tests_of the_Soviet_Union.

Tests conducted by Great Britain were identified from: https://chrc4veterans.uk/knowledge-hub/british-nuc
lear-weapons-testing/.

Anecdotal reports from individuals present during nuclear tests in the 1950’s have variously reported UAP
to be present at nuclear test sites before, during, and after nuclear tests’. Therefore, our primary outcome was a
nuclear testing window variable (coded 1/0 for Yes/No) that indicated whether a given date fell within a 3-day
window surrounding any nuclear test (test date+/- 1 day). This decision to use a 3-day window as the primary
nuclear testing outcome was made while the authors were still blinded to the transient data. To permit subsequent
examination of the temporal sequencing of transient associations with nuclear testing at a more granular level,
we also created (post-hoc) several variables indicating whether a given date occurred at specific intervals relative
to nuclear testing: 2 days before, 1 day before, day of testing, 1 day after, and 2 days after.

UAP witness report data

UAP witness report data were derived from the publicly-available comprehensive UFOCAT database maintained
by the Center for UFO Studies (https://cufos.org/cufos-publications-databases/ufocat/). This database originated
with the U.S. Air Force funded-University of Colorado UFO Study led by Dr. Edward Condon (1966-1968). It
has been updated periodically since that time. It represents the most comprehensive publicly-available UAP
sighting database covering the 1949-1957 period that was the focus of the current work. The original UFOCAT
Microsoft Access database was imported into SPSS. This database contained many identical, duplicate entries
(same date and location) obtained from different sources; only a single entry for each discrete report was retained.
Next, to reduce the chances of duplicate reports of the same UAP described by separate witnesses on the same
date and the same location (i.e., same state), only a single entry was retained in these cases. Finally, a variable
reflecting the total count of UAP sightings reported from independent locations on each date was created.

Procedure

The final analyzed dataset began with creation of an SPSS master file with a separate record for every date within
the study period, 11/19/49 to 4/28/57 (n=2,718 days). Then, the transient database, nuclear test database, and
the UAP database were merged by date with this master file. Next, dichotomous variables (coded 1/0 for Yes/
No) were created to indicate whether each date in the master file was associated with at least one transient and/
or with at least one UAP report. Both dichotomous and continuous variables were available for the transient
data (any transient Yes/No and total number of transients identified on each date) and for the UAP data (any
UAP Yes/No and total number of independent UAP reports on each date). The nuclear testing variable was only
available as a dichotomous index, that is, whether each date fell within a nuclear testing window (coded 1/0 for
Yes/No).

Statistical analysis

All analyses were carried out using the SPSS for Windows Version 29 statistical package (IBM Corp., Armonk,
NY). For testing associations between dichotomous variables [Nuclear Testing Window (Yes/No) versus
Transient Observed (Yes/No)], chi-square tests were used. To aid in interpretation of the magnitude of the
association between nuclear testing and transients, we adopted a relative risk approach like that commonly
used in medical research. That is, we calculated the likelihood of a transient being observed (the “outcome”)
based on whether its date was within a nuclear weapons testing window (the “exposure”). This relative risk ratio
was calculated using an online calculator: https://www.medcalc.org/calc/relative_risk.php. Due to significantly
non-normal distributions of the variables reflecting total number of transients and total number of UAP per
night, differences in these variables as a function of nuclear testing were examined using the nonparametric
Mann-Whitney U test. For characterizing the nature of group differences in these nonparametric tests, we
present 5% trimmed means given the highly skewed distributions of these variables and that median values were
generally uninformative (e.g., median total transients =0). Also for distributional reasons, associations between
these two continuous measures were tested using the nonparametric Spearman’s rho correlation. To provide an
interpretive context for the magnitude of the association between total number of transients and UAP reported
per night, we conducted generalized linear model (GLM) analyses, specifying a negative binomial distribution
given the highly right-skewed and over-dispersed nature of the transient data. The resulting exponentiated
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parameter estimate was then used to derive an estimate of the effect’s magnitude (i.e., impact of number of UAP
sightings on total transients observed that date) in terms of incidence rate ratio. For display purposes in Fig. 2,
total transients and total UAP reports have both been log10 transformed (after adding a constant [+ 1] to avoid
zero values) in order to optimize scaling in the figure.

Data availability
The final analyzed SPSS dataset will be made available by the authors upon reasonable request to Dr. Stephen
Bruehl (stephen.bruehl@vumec.org).
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ABSTRACT .
For centuries, astronomers have discussed the possibility of inhabited worlds aAT
from HerschelaAZs 18th-century observations suggesting Mars/may host life, to the
systematic search for technosignatures that began in.the 1960s using radio telescopes.
Searching for artifacts in the solar system has received relatively little formal sci-
entific interest and has faced significant technicalwand social challenges. Automated
surveys and new observational techniques deyeloped over the past decade now enable
astronomers to survey parts of the sky for anomalous objects. We briefly describe four
methods for detecting extraterrestrial attifacts and probes within the Solar System
and then focus on demonstrating one of these. The first makes use of pre-Sputnik
images to search for flashes from glinting objects. The second method makes use of
space-borne telescopes to searchAforartificial objects. A third approach involves exam-
ining the reflectance spectra of objects’in Earth orbit, in search of the characteristic
reddening that may imply leng-term/exposure of metallic surfaces to space weathering.
We focus here on a fourth approach, which involves using Earth’s shadow as a filter
when searching for optically luminous objects in near-Earth space. We demonstrate a
proof-of-concept of thistmethod by conducting two searches for transients in images
acquired by the Zwicky Transient Facility (ZTF), which has generated many repeated
30-second expesures ofthe same fields. In this way, we identified previously uncata-
logued event§ at'short angular separations from the center of the shadow, motivating
more extensiveisearches using this technique. We conclude that the Earth’s shadow
presents asnew and exciting search domain for near-Earth SETI.

Key, words: extraterrestrial intelligence — transients — surveys — minor planets,
asteroidsy general

1 INTRODUCTION missions could be received by extraterrestrial astronomers
(Cocconi & Morrison 1959), radio observations have been
running episodically, such as at the Green Bank telescope
and Allen Telescope Array in California (United States).
Despite this progress, no confirmed signal of extraterrestrial
(ET) origin has been detected. Several research groups have
made major contributions to radio searches: the SETI in-
stitute (e.g., Tarter 2001) have been engaged for decades.
The Five-hundred-meter Aperture Spherical radio Telescope
(FAST) in China has recently joined the search (Li et al.

Searches for/Extraterrestrial Intelligence (SETI) using opti-
cal and radio telescopes have been going on for sixty years.
This workhas"demonstrated remarkable technical advances
alongside the"development of creative search strategies and
frameworks for discovery and rigorous evidential standards.
Ever since astronomers understood that our own radio trans-
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2020). In 2015, the Breakthrough Listen program launched
their effort to perform the most systematic and comprehen-
sive radio search to date, observing 1 million stars, the galac-
tic plane, and over 100 galaxies for radio signals. Their work
has led to firm upper limits on radio emitters. For example,
Enriquez et al. (2017) conducted searches for artificial sig-
nals in the 1.1-1.9 GHz range, operating at powers higher
than ~ 10! W, concluding that less than < 0.1% of all sys-
tems within 50 pc have radio transmitters this powerful.
It should be noted that these limits apply to continuously
transmitting and omnidirectional or Earth-directed trans-
mitters. Garrett & Siemion (2022) identified 143,000 galaxies
that apparently also show no artificial radio signals, placing
limits on the luminous end of the SETI luminosity func-
tion. Subsequent work by Price et al. (2020) searched for
radio transmitters in the 1.10-3.45 GHz range, finding no
transmitters stronger than ~ 1012 W. Again, these limits
apply under the assumption of continuous and omnidirec-
tional or Earth-directed transmission. Other notable efforts
include SETT Italia (Montebugnoli et al. 2001) and searches
conducted using the Russian RATAN-600 telescope (Bursov
et al. 2016). Sixty years of radio searches have so far not
yielded a candidate signal that satisfies agreed criteria for a
detection of interest.

The lack of a clear discovery from radio searches has mo-
tivated searches for optical lasers, as they provide more pri-
vacy and higher bit rate than radio communication. Lasers
used by extraterrestrial civilizations could have long-lived
(continuous over minutes or hours or even longer) beams or
emit short pulses, where the latter are much more energy
efficient. These may also rotate or stay fixed with respect
to the observer. One method to detect such a laser is to
search for repeated, short pulses (PANOSETT; Wright et al.
2018; Maire et al. 2020). An all-sky all-the-time search has
been conducted by LaserSETI for the past 10 years! (Gillum
2023), where a network of small cameras survey the sky from
different positions in search of a laser flash. Another tested
method relies on examining the spectra of stars. A pew-
erful laser source that transits its host star is expeeted to
leave a monochromatic emission line in stellar spectra (Lel;
lis & Marcy 2017). For example, a 60 Megawattilaser with
a 10 meter aperture laser beam at a distance of ~30.pc, is
detectable in the spectra of a host star aboewvesthe contin-
uum level—even when the laser pulse is‘as shoert as a second
(e.g., Marcy et al. 2022b). Only limifed parts’ of the entire
parameter space have been sampled so,far, and no candi-
date laser source has been identified up to now (Stone et al.
2005; Howard et al. 2007; Reines'& Marcy 2002; Marcy 2021;
Marcy et al. 2022b,c,a).

In contrast, there have\been few searches for extrater-
restrial artifacts and probes jin our Solar System. But this
possibility was wellsunderstood since the early 1960s after
interstellar spaceflight became realistic, raising the idea that
ET civilizations might intentionally send probes (or uninten-
tionally send otherjartifacts) to our immediate neighborhood
(Bracewelly1973). Carl Sagan suggested that an advanced
extraterrestrial civilisation might send relativistic probes to
our,Solar System (Sagan 1963) and that the Earth might
have been visited as many as ~ 10% times. Indeed, while rel-

! http://www.laserseti.net

ativistic probes are extremely energy-demanding, it is not
unimaginable that other civilisations have attempted send-
ing probes similar to Voyager or Pioneer to other star sys-
tems, or even a simpler “message-in-a-bottle” style of arti-
fact. In 2011, Voyager left the Solar System, and even with
its non-relativistic, humble velocity, it is estimated to reach
the distance of the closest star in about 77,000 years. These
types of probes are far cheaper and more energy efficient
for transmitting information to another civilisation (Rose
& Wright 2004), although they are arguably far more diffi-
cult to discover (Haqq-Misra & Kopparapu 2012). In Cali-
fornia, the 100 million dollar Breakthrough Starshot project
was investigating new propulsion technologies to launch sa.
probe with relativistic speed to the closest star (see e.g./Lu-
bin (2016)). Had they succeeded, the probe could reach, the
closest star in as little as twenty years. Sadly, thé project
was canceled.

An ET civilization may configure interstellar probes
to land on the surfaces of planets (Carlotto &, Stein 1990;
Arkhipov & Graham 1996; Davies & Wagner 2013), or as-
teroids (Papagiannis 1978; Benford~2019), or’ else to park
in a stable orbit around planetsdikesFarth for millions of
years (Villarroel et al. 2022¢)., Some probes may be intact,
while others could have been around for hundreds of thou-
sands of years and disintegrated over time. It has been spec-
ulated that thousands,/millions, or even more probes might
be spread throughout the‘galaxy, as part of a network of
robotic spacecraft (Schwartz & Townes 1961; Freitas 1980,
1981; Zuckermamny1985; Hippke 2018, 2020; Gertz & Marcy
2022), some,of which-may communicate using lasers. In the
early 1980s, searches for ET probes nearby the Earth were
condueted. with”optical telescopes (Freitas & Valdes 1980;
Valdes & Freitas 1983), without yielding positive results.
One study/has been carried out using photographic plate ma-
terfal from the 1950s (Villarroel et al. 2022a), yielding two
statistically significant preliminary candidates. The search
for nearby probes and artifacts turned out to be the least-
traveled path in SETI research, due to the heavy require-
ments of such searches, often based on astronomically ex-
pensive space missions.

There is an evident need for new, rigorous, and veri-
fiable observations in the search for ET artefacts (Shostak
2020). The recent efforts within academic institutions to in-
vestigate Unidentified Aerial Phenomena (UAP), although
not necessarily related to ET technology, have brought the
search closer to home (in Earth’s atmosphere) through ef-
forts like the Galileo project (Loeb & Laukien 2023; Wat-
ters et al. 2023; Domine et al. 2025), UAPx (Szydagis et al.
2025), and IFEX (Interdisziplindren Forschungszentrum fiir
Extraterrestrik; Kayal (2022); Kayal et al. (2023)).

The search for ET probes exclusively outside the Earth
at geosynchronous orbits and beyond is motivated by a de-
sire to avoid detecting national security assets and min-
imize false positives. As mentioned above, the possibility
that ET probes or artifacts are present in the Solar System
is based on reasonable extrapolation from conservative es-
timates of spacefaring capabilities of advanced civilizations
(Sagan 1963; Knuth 2024), and indeed from the examples of
our own Voyager and Pioneer probes. Moreover, a handful
of curious astronomical observations are at least somewhat
suggestive that we should search closer to home, such as ob-
servation of the asteroid VG 1991 (Steel 1995), the elongated
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object ‘Oumuamua (Bialy & Loeb 2018), and the finding of
multiple transients in small regions of the sky (Villarroel
et al. 2021, 2022a; Solano et al. 2024). The most impres-
sive case to date is arguably that of three bright “stars”
appearing and vanishing within 50 minutes (Solano et al.
2024). The goal of finding ET artifacts and probes can be
achieved through dedicated searches for specular reflections
from the surfaces of artificial objects (Lacki 2019; Villarroel
et al. 2022b) as well as intrinsic optical emissions.

In this paper, we present search methods that permit
us to filter out human-made satellites and other background
noise, together with preliminary, proof-of-concept searches
using telescopic images acquired in the past 8 years, using
the Earth’s shadow as a filter.

2 FILTERING OUT THE NOISE

The greatest challenge when searching for ET probes and ar-
tifacts in interplanetary space using modern instruments is
that our skies are polluted with thousands of satellites and
millions of reflective pieces of space debris, even as more
and more satellites are being launched into orbit. This con-
tamination is an especially challenging problem for anyone
wishing to search for non-anthropogenic objects. Below we
present several solutions to separate the many glints and
emissions caused by human-made objects from potential ET
artifacts and potential ET probes and artifacts, and then we
describe a demonstration of one of these.

2.1 Going back in time: using pre-Sputnik images

A promising avenue is to examine digitized pre-Sputnik as-
tronomical images captured by Palomar, Carte du Ciel, Har-
vard, and Lick observatories. These images, many of which
date back to the early 1950s and earlier, can be analyzed
for both anomalous events in the sky that occurred prior
to the proliferation of satellites and space debris,and to
search for typical signs of artificial satellites and/spaceyde
bris (Villarroel et al. 2022c). Discoveries made throughythis
process might be usefully compared to the records of ‘anioma-
lous celestial observations made by astronomerstbefore 1850,
including those by Cassini and Messier as decumented by
Vallee & Aubeck (2010), adding to their interést and value.

Previously, Villarroel et al. (2022c¢) discussed a straight-
forward search method for spectilar reflections from artificial
objects in geosynchronous orbits: multiple transients that
are aligned as the object moves,and rotates. The paper pro-
posed that any alignments with’ more than four transients
are particularly noteworthy and warrant further investiga-
tion to distinguish them from plate defects with atypical
shapes (i.e., not point-like or extended due to movement).
Although a/few preliminary candidates have been identi-
fied (Villarroel etsal. 2022a), the origin of these transients
remains, unknown. The events might be caused by an en-
tirely, different and unanticipated phenomenon than what
thengiven, paper tested (solar reflections from artificial ob-
jects in’geosynchronous orbits), e.g. atmospheric or exoat-
mospheric, in which multiple stationary light sources appear
and disappear from the field. A recent discovery of a bright
triple transient event in Palomar plates on the 19th of July

1952 is particularly puzzling and convincing (Solano et al.
2024).

The Vanishing & Appearing Sources during a Century
of Observations (VASCO) project is currently planning a
new generation of its citizen science project, which will
search for glinting satellites instead of “vanishing stars” (Vil-
larroel et al. 2022b).

2.2 Observations with Space-Borne Telescopes

An additional uncontaminated search approach involves ex-
amining a search volume that resides beyond the orbits of
satellites and therefore beyond geosynchronous orbit. This
approach can be achieved by using existing spaceelescepes,
such as Kepler, or the Transiting Exoplanet Survey Satellite
(TESS), and analyzing their existing datasets in.search of
anomalous objects.

TESS, for example, uses four wide-field/ cameras all
pointed at the same field, making it an_idealtool for search-
ing for rare events involving multiple or “simultaneous” tran-
sients, as reported in studie§ by Villarroel et al. (2021,
2022b) and Solano et al. (2024)yHowever, it is worth not-
ing that events fainter tghan_approximately 12 magnitudes
may not be detectable by'the telescope, which utilizes small
mirrors.

While this @xperiment may not be able to detect any
ET technological ebjects in orbit around the Earth, it does
permit the’seareh\for objects farther out in the solar system.

2.3, Color-coded Clues of Ancient Space Debris

‘Lhose who wish to examine Earth orbits in modern-day data
for dead artifacts without intrinsic emission will face a sig-
nificant challenge: the view is spoiled by millions of human
objects. Other projects, such as the Galileo project, tackle
this challenge by searching for signs of interstellar meteors
similar to ’Oumuamua in image data — and even by explor-
ing the ocean depths for potential artifacts following fireball
events with potential hyperbolic atmospheric entry veloci-
ties (Loeb et al. 2024).

An object that has resided in Earth’s orbit for a long pe-
riod of time will have been exposed to dust particles, cosmic
rays, and micrometeorites, leading to a reduction in its re-
flectivity and causing a reddening of the object (e.g., Hapke
2001; Pearce et al. 2020). We can leverage this phenomenon
to obtain the reflection spectra of the top 5% most reddened
artificial objects in Earth’s orbit without a known “owner”;
meaning objects that are not listed by the USSTRATCOM.
Of course, military satellites will not be in USSTRATCOM,
which comprise a significant fraction. Nevertheless, solar re-
flectance spectra from an object will contain both the solar
spectrum and a pattern of absorption features that are char-
acteristic of the surface materials (Vasile et al. 2024). There-
fore, spectra from the most reddened population, showing
unusual absorption or emission lines that suggest an un-
known material, could indicate strong candidates for ET ar-
tifacts.
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2.4 Using Earth’s Shadow as a Filter

The Earth’s shadow is an ideal uncontaminated search
space. Every night, the Earth casts a shadow cone where
direct sunlight cannot reflect from satellites or space de-
bris (although there is still a possibility of reflection from
the much fainter Moonlight). The size of this shadow varies
throughout the year, but the base has an average radius of
around 8 — 9 degrees for objects at geosynchronous orbits
(GSO; approximately 35,700 km) (Nir 2024). With typical
velocities of artificial objects at GSO, which move at approx-
imately 15 arcsec per second, a brief flash caused by intrinsic
emission lasting only 0.2 — 0.5 seconds can produce a point
source, with its magnitude depending on the strength of its
intrinsic emission.

The Earth’s shadow is much larger at Low Earth Orbit
(LEO), and objects emitting flashes move so quickly that
they are likely to create long streaks as they rotate in most
long-exposure imagery, rather than short flashes. Also, ob-
jects with continuous, longer-lasting emission further out
than LEO might produce long streaks. It is therefore in-
teresting to search for elongated streaks that occur within
the shadow of the Earth and yet are well outside the at-
mosphere, in this way excluding aircraft and meteors. Such
streaks are unlikely to be human satellites, which typically
do not carry intrinsic optical light sources. The rare excep-
tions are largely confined to LEO and include (i) lasers used
for communication (usually NIR) or laser ranging and atmo-
spheric LIDAR,; (ii) LEDs for optical self-identification; (iii)
short-range LEDs used for optical tracking and formation
flying; and (iv) spacecraft propulsion (e.g., rocket burns).
At the distance of the Moon, an orbiting object will move
at angular velocities of roughly ~ 0.5 arcsec sec™!. At a few
times the distance of the Moon, we might search instead for
streaks inside the shadow (which narrows down further as
one moves away from Earth) indicating angular velocities
< 0.1 arcsec sec™!. Determining the distance to streaking
objects will require triangulation, as envisaged for the Exo-
Probe experiment? (Villarroel & Marcy 2023).

The shadow of the Earth consists of the penumbra and
umbra or “full shadow”; the latter is depicted{inyFigure
1. The full shadow consists of a dark core (the “dark’full
shadow” or DFS) and an outer fringe of light refracted by
the Earth’s atmosphere, which can produce satellite glints
and which measures y ~ 2° . Assuming Fqp, = 35,786 km
for geosynchronous orbit, the largestifractional change in
observer position with respect to this altitude is AR/R ~
Re/rorp = 0.18, which is hence,also\the largest fractional
change in apparent angular sizehof the refraction fringe
(y") and DFS radius (o) as a“function of position on the
Earth’s night side. At the geocenter, the total umbra radius
is o+ 7y =~ 8 to 9%=from,Earth’s surface below the antiso-
lar point (Figuré\la)jo + 7y = 10°. A “safe” shadow radius
(for avoiding/Satellite glints) is therefore below 8° —2° = 6°.
Alternatively, thisicould be calculated as a function of po-
sition p-to maximize the search radius. In this initial study,
in mest)cases we applied a cutoff of p < 6° < o for the ra-
dial angular separation (p) from the shadow center when we
filtered detections.

2 https://thedebrief.org/a-new-era-of-optical-seti-the-search-for-
artificial-objects-of-non-human-origin/
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Figure 1. Earth’s umbra out to an 6rbit radius ro (not to scale).
The Sun is in the direction of thé bottom of the page. The light-
est shading marks the “refraction fringe” into which sunlight is
refracted by the atmosphere (angular size y). Intermediate shad-
ing is used to mark the “dark full shadow” (DFS). The darkest
shading highlights the,shadow_volume visible to an observer on
the Earth’s surface (this shading implies nothing about darkness
in this volume, which is the same as the DFS). DFS radius is given
by o; parallax of theishadow center with respect to the antisolar
point is ¢; angular,separation of the observer from the geocenter-
antisolar axis is @..(a) Shows the shadow geometry for an observer
on thé Earth’s surface beneath the antisolar point (the “subanti-
solar point”/or SAP), and (b) shows the shadow geometry for an
Observeriat an arbitrary position on Earth’s surface, with angular
separation ¢ from the SAP.

At distances far enough from Earth, such as those
greater than or equal to 0.01 astronomical units (au), any
detectable flashes will occur from beyond the Earth’s shadow
cone. Since very few human-made objects are located at
these distances and their positions are well documented,
there is a negligible risk of mistakenly identifying them as
extraterrestrial artifacts or probes.

Previous work has used the Earth’s shadow to search
for real astrophysical transients lasting only a few seconds
(Richmond et al. 2020; Arimatsu et al. 2021; Nir et al.
2021a), but no significant findings have been reported thus
far. Our objective, however, is to identify extraterrestrial
artifacts moving in Earth’s orbits and beyond.

Conducting searches in the Earth’s shadow with a
ground-based telescope permits the identification of candi-
dates for active (self-luminous) extraterrestrial technologi-
cal objects that are moving outside of the Earth’s atmo-
sphere, while a definitive identification will require follow-
up triangulation and spectroscopic analysis for repeating or
new events. We note that this approach may not be effec-
tive for detecting old or defunct ET artifacts in orbit around
the Earth. This means that objects similar to those posited
in Villarroel et al. (2022a) might not be detected; only ob-
jects with an intrinsic emission could be detected in this
way. We note that the only intrinsic emission from known
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human objects are mainly from lasers designed for com-
munications and from spacecraft propulsion systems (e.g.,
rocket thrusters); no other type of intrinsic emission from
satellites is widely known.

3 SEARCHES FOR ZTF TRANSIENTS IN
EARTH’S SHADOW

The Zwicky Transient Facility (ZTF; Bellm et al. 2019; Gra-
ham et al. 2019) is an untargeted wide-field transient survey
observing transient events ranging from Solar System ob-
jects to powerful extragalactic events with the help of its
systematic data acquisition system. The ZTF uses the 1.2m
Samuel Oschin telescope at Palomar Observatory in Califor-
nia and reaches a limiting magnitude of r ~ 20.5.

The analyses in this section concern three sample sets
of ZTF images. These are labeled as samples A, B, and C.
Sample set A is defined and discussed in Section 3.1. The
much larger sample sets B and C are described in Section
3.2. See Table 1 for the definitions of each sample.

3.1 Examination of transient alerts (Sample A)

For sample A, we selected transient alerts from a public ZTF
transient survey (courtesy of Igor Andreoni). The data set
we searched spans from July 1, 2019, when real / bogus deep
learning classification became available (Duev et al. 2019),
until August 1, 2022. The data set excluded from the search
those ZTF fields close to the Galactic plane to reduce con-
tamination from M-dwarf stellar flares and other types of
fast transients from astrophysical sources within the Milky
Way. To achieve this, we ignored those fields with a Galactic
extinction higher than E(B - V) = 0.3 mag at the central co-
ordinates of the fields (using the Planck Collaboration (2014)
dust maps) following Andreoni et al. (2020).

One-off transients are, in principle, only visible in a sin#
gle image before vanishing. This limits us to transients that,
when bright and detectable (brighter than ~ 20.5 mag), per-
sist for a shorter time than the sum of the exposuretime,and
the time difference with subsequent or previous images (this
adds up to ~ 30 seconds, since the subsequent image,is’cap-
tured in immediate succession).

Each alert included in the sample has at least 5 other
alerts in the same image (i.e., samedfield, same JD) which
were also detected only once during the, ZTF survey, to fo-
cus on multiple transients. All sources within 1.5 arcsec-
onds from a catalogued objectywere discarded. Also, all
sources within 10 arcseconds«from catalogued asteroids were
removed. We obtained( 11,029 transient alerts to examine
closer.

8.1.1 FExploiting the Farth’s Shadow

We use the Julian/ Date and the J2000 coordinates of each
transient, as well as the software library earthshadow pub-
lishéd by Guy Nir published (Nir 2024), in order to select
only,events that were observed in the shadow of the Earth at
the altitude of geosynchronous orbits (p < 8.5° for Sample
A; wé use the stricter bounds of the DFS when filtering sets
B and C: ie., p <6°).

Out of the sample of 11029 candidates, 262 (2.4%) of

the examples are in the Earth’s shadow, which excludes any
specular reflections for these particular cases. We show the
distributions of the candidate “shadow transients” over the
sky in Figure 2.

8.1.2  Classifying detections

This exercise permitted us to quickly identify a set of classes
of note: (1) images affected by a difference in depth (differ-
ent magnitude limit) or other observational issues; (2) two
images showing how a short transient is first visible in one
image, and then another transient is seen in a second, later
image (in nearly all cases of this kind, the transient is first
seen in the eastern part of the image, and later in the west-
ern, which suggests a moving object); (3) images showing
the synchronized movement of multiple objects moving from
the east to west; (4) events that have been, in a preliminary
sense, identified as candidate multiple transients. Category 1
objects are irrelevant to us. Category 2 objectsiare assigned
a low priority as they are unlikely to be/multiple transients,
as indicated by their east-to-west movement.For Category
3, We find 29 cases of multiple objeets moving throughout
the field (from east to west), that we.assume to be asteroids.
Finally, in Category 4, we find 389 candidates of preliminary
interest. However, examining them against the JPL Small-
body Identification tool and a generous crossmatch radius of
30 arcseconds, identifies the,majority of these as catalogued
asteroids.

Two interesting candidates remain from Category 4.
The first is.the case of a possible transient appearing next to
a moving asteroid; creating the impression of a “triple tran-
sient,”Shewn in'Figure 3. The detections in the two left-most
cireles correspond to 2001 VC136, a ~19.6 mag asteroid. The
detections’in the two right-most circles appear only once, al-
though the lower turns out to be a spurious detection (two
bright pixels, non-psf).

The second candidate is a good example of an uncata-
logued object that could be interesting if more information
were available. Figure 4 shows a ~17 magnitude object or
objects that have no match when queried using the JPL
Horizons database in April 2025. The astrometric measure-
ments are tabulated in Table 3. This object (or set of ob-
jects) occurs within ~0.07 arcseconds s~1 of the ecliptic,
suggesting that it may be an asteroid. On the other hand,
if this sequence represents multiple images of the same ob-
ject, then its apparent motion in right ascension is about 6x
times greater than of typical main belt asteroids, suggesting
it is closer to the Earth. The entire track spans 430 arc-
seconds during 100 minutes. The second set of images and
positions ((b) and (c) in Table 3) were both acquired in the
g band, and differ in maximum raw intensity above back-
ground by only 5%. Using these two positions, we predicted
the expected location 71 minutes after the position in (c),
assuming a linear path and constant angular speed (R.A.
(J2000) = 145.163329°, Dec. (J2000) = 15.608823°) in the
same field (570), filter (g), sensor (c02), and and quadrant
(q3) with timestamp 20210211359132: no object was visible
because it was projected to reside in the seam gap between
CCDs. We also searched the neighboring sensor+quadrant
in r band images 136 minutes after (c), although the object
was still projected to reside in the gap between quadrants
and was not visible. The image for (b) also appears some-
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6 Villarroel et al.

Table 1. Definitions of ZTF image samples.

Sample  Definition N (images) Purpose
A Based on transient survey (courtesy of Igor 678 Demonstrating manual inspection method
Andreoni) and culled to include only images
residing within 8° of the center of Earth’s
shadow (p < 8°)

B (b >20°) A (p <6.5°) 224,168 Demonstrating automated method in largely
uncrowded fields (avoiding low galactic lati-
tudes (B)); located confidently within shadow
(p <6)

C B > 84° 326,823 Control sample (ecliptic pole; ecliptic latitude

(B) exceeds 84°; all fields well outside the
shadow)

Figure 2. Distribution on the sky. The distribution of the/Sample A transient candidates on the sky in Galactic coordinates. Upper
panel (a) all one-off transient candidates, (b) one-off transient candidates in the shadow.

what streaked in the approximate direction.of motion (East-
West), although other objects in thé seene (including stars)
also appear to exhibit an elongation (if 1ess pronounced) in
the same orientation, suggesting an effect of inaccuracies in
tracking.

8.1.8 Analysis of‘camdidate clustered transients

We performedean ‘additional analysis by examining candi-
dates that, in addition to appearing in images with > 5 tran-
sients in the same field, two of these are within 10 arcminutes
of eachyother. We found 85 cases of such clustered candidate
transients. We then retrieved the images from the same day
from the IRSA Gator’s image survey for ZTF.> We found
that 23 of these cases have no transients at all visible in the

3 https://irsa.ipac.caltech.edu/applications/Gator/

image and 44 cases appear to be just an asteroid moving
between two images. (Note this is hard to distinguish from
the case of two transients happening close to each other (a
double transient), which would look similar.) Two images
have single transient candidates, and 7 show several proba-
ble asteroids moving in the same field.

Finally, we also conducted an investigation of the closest
10 arcminute field near each of the 262 transient candidates
in the shadow. In this way, we found interesting cases of
multiple asteroids moving together and one possible solitary
transient.

We note that, with only 2 or 3 exposures of 30 seconds
on each field every day, it is difficult or unlikely to find mul-
tiple transients if they happen over half an hour. We also
note that the hypothetical case of a double transient might
be indistinguishable from an asteroid if they appear in only
two images, and might only be distinguished by the fact that
asteroids move always from east to west.
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A Cost-Effective Search for Extraterrestrial Probes in the Solar System 7

Figure 3. Asteroid 2001 VC136. A complex candidate, including asteroid 2001 VC136 and & transient was found inside a box
measuring 10x 10 arcmin and centered at R.A. (J2000)=6.3634206 deg. and Dec.(J2000)= 2.4341476, J.D.=2458760.7977431. See Table
2 for astrometric measurements and Table 9 for data product filenames. The lower-most object (right), not visible on the left, is a spurious
detection (non-psf).

Figure 4. Near-Earth object or triple transient? The object(s) of interest can be found within a 1000 arcsecond box centered at
R.A(J2000)= 145.2448564 and Dec.(J2000)= 15.6224391, J.D.= 2459256.8096296; see Table 2 for astrometric coordinates. A luminous
objeet isyseen streaking through the upper-left corner of the third image (lower left), possibly a meteor or aircraft. A fourth image in
the g band with no object detected is added to the sequence (lower right), to show the deviation from a straight path. See Table 3 for
astrometric measurements and Table 9 for data product filenames.
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8 Villarroel et al.

Table 2. Astrometric measurements of the three transient candidates shown in Figure 3. Objects 1 and 2 were determined to be asteroid
2001 VC136. Coordinates (R.A., Dec.) are given in J2000 for each detection, along with the Julian Date (J.D.) and UTC observation
time. All observations were taken in the ZTF r-band. Missing coordinate values are indicated as N.A. ZTF data product filenames are

listed in Table 9.

Asteroid 2001 VC136; see Figure 3

Object 1  Band R.A. (J2000) Dec. (J2000) J.D. Observation time
(a) left T 6.3636953 2.4339307 2458760.7977431  2019-10-04 at 07:56:45.26
(b) right T 6.3529988 2.4294331 2458760.8510417  2019-10-04 at 08:25:30.89
Object 2 Band R.A. (J2000) Dec. (J2000) J.D. Observation time
(a) left T N.A. N.A. 2458760.7977431  2019-10-04 at 07:56:45.26
(b) right T 6.3355465 2.4229677 2458760.8510417  2019-10-04 at 08:25:30.89
Object 3 Band R.A. (J2000) Dec. (J2000) J.D. Observation time
(a) left T N.A. N.A. 2458760.7977431  2019-10-04 at 07:56:45.26
(b) right T 6.3406132 2.4030027- 2458760.8510417  2019-10-04 at 08:25:30.90

Table 3. Astrometric measurements of the uncatalogued object(s) shown in Figure 4. Coordinates (R.A., Dec!) are given in J2000 for
each detection, along with the Julian Date (J.D.) and UTC observation time. Observations were taken‘on 2021 February 11 in the ZTF

r and g-bands. ZTF data product filenames are listed in Table 9.

Uncatalogued object(s) (Figure 4)

Object Band R.A. (J2000)
(a) upper left r 145.3668218
(b) upper right g 145.3011827
(c) lower left g 145.2448868

Dec. (J2000)

15.6441562
15.6335293
15.6220271

J.D. Observation time

2021-02-11 at 05:44:16.26
2021-02-11 at 06:41:40.693
2021-02-11 at 07:25:52.616

2459256.7390625
2459256.7789352
2459256.8096296

Groups or clusters of objects moving in similar ways
through a scene are unusual and potentially of interestfor'a
study like the one proposed here. The greatest likelihood is
that these represent (1) clusters of asteroids or (2) clusters
of terrestrial spacecraft or spacecraft componéntsyin helio-
centric orbit. Alternatively, such detections could represent
(3) clusters of artificial objects of extratérrestrial origin in
heliocentric orbit or moving in formation."Reflectance spec-
tra are likely essential for distinguishing these cases if the
inferred kinematics are prosaic.

The first two clusters were observed crossing a region
10 by 10 arcminutes in size, at,angular velocities of ~1 arc-
second per minute. We_show two examples of fields with
multiple asteroids moving.from east to west (see Figures 5
and 6). Figure 5¢shows four objects moving in two frames,
each with a normali30s)ZTF exposure, while Figure 6 shows
two objects/moving across four frames. The individual co-
ordinates( for, the two examples can be found in Tables 4
and 5«The'five other cases (of the 7 earlier mentioned) were
obsérved on 2019-07-29, 2019-09-23, 2019-10-04, 2020-10-08,
andy2021-09-02. All told, each of the seven cases were found
to involve multiple asteroids moving in tandem (similar an-
gular'speeds) from east to west. In some cases, the displace-
ments are of comparable size during the same time interval,
but the direction of the motion is not exactly the same for

each object in a given image, suggesting that the observation
records a crossing of orbits of comparable radius.

We investigated whether any of these objects are found
in the JPL Horizon databases. Indeed, both cases illustrated
in Figures 5 and 6 are catalogued asteroids. Every single case
of multiple asteroids that we have found in Sample A are of
previously identified asteroids.

The searches described in this section for ZTF tran-
sients with durations shorter than 30 seconds in the Earth’s
shadow resulted in only one detection of significant interest,
which may represent an uncatalogued asteroid (see Table 3
and Figure 4). This work illustrates a manual approach to
evaluating in-shadow candidate transients (in this case iden-
tified by a 3rd party automated search) as candidate exotic
objects, including artifacts of ET origin. In the next sec-
tion, we demonstrate a relatively exhaustive and automated
search using image processing techniques to search for non-
catalogue (“unmatched”) objects in the Earth’s shadow.

3.2 Automated transient survey (sets B—C)

Sample sets B and C, which are derived from the set of
all publicly-accessible ZTF images predating 2024-04-15, are
defined in Table 1. Sample B was confined to the Earth’s
shadow and designed to avoid glinting satellites. In particu-

920z Asenuer gz uo 1senb Aq G881Z28/8S | L1BIS/SeIUW/SE0 "0 L /I0p/3]01lB-0UBAPER/SEIUW/WOo2 dNO"dIWapEE//:sd)y WOl PaPEOjUMO(]



A Cost-Effective Search for Extraterrestrial Probes in the Solar System 9

Figure 5. Example with multiple asteroids. From uppermost to lowermost in each image, these objects are the catalogued asteroids
237629 (2001 RZ128), 34921 (4801 P-L), 468722 (2010 GF35), and 408570 (2013 LO5), respectively; they aré'shown here moving between
these image, captured 34 min apart. Both images are r band images and were observed on 2021-03-19. See, Table 4 for astrometric
parameters, and Table 9 for ZTF data product filenames.

Figure 6. Example with multiple asteroids. These objects were captured within 3° of the Earth shadow center. The two upper
images aré g band and the two lower images are r band. The uppermost and lowermost objects within each image have been identified as
the asteroids 239154 (2006 KX9) and 728206 (2010 LF127), respectively. See Table 5 for astrometric measurements. ZTF data product
filemames are listed in Table 9.
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10 Villarroel et al.

Table 4. Astrometric measurements of three moving objects identified in Figure 5. Coordinates (R.A., Dec.) are given in J2000 for each
detection, along with the Julian Date (J.D.) and UTC observation time. All observations were made on 2021 March 19 in the SDSS
r-band. ZTF data product filenames are listed in Table 9. Objects 1 to 4 have been identified as asteroids 237629 (2001 RZ128), 34921

(4801 P-L), 468722 (2010 GF35), and 408570 (2013 LO5), respectively.

Example case 1

J.D.

2459292.8540046
2459292.8789236

Observation time

2021-03-19 at 08:29:46.685
2021-03-19 at 09:05:40.534

2459292.8540046
2459292.8789236

2021-03-19 at 08:29:46.685
2021-03-19 at 09:05:40.534

2459292.8540046
2459292.8789236

2021-03-19 at 08:29:46.685
2021-03-19 at 09:05:40.534

Object 1 Band R.A. (J2000) Dec. (J2000)
(a) left r 182.2828716  2.3212253
(b) right T 182.2779462 2.3223948
Object 2

(a) left T 182.3511210 2.2971117
(b) right r 182.3466646 2.2992191
Object 3

(a) left r 182.3091393 2.2621854
(b) right T 182.3049176 2.2656986
Object 4

(a) left r 182.2933499 2.204017
(b) right r 182.2885649 2.209137

2459292.8540046
2459292.8789236

2021-03-19 at 08:29:46.685
2021-03-19 at_09:05:40.534

Table 5. Astrometric measurements of two moving objects shown in Figure 6. Coordinates\(R.A~, Dec.) are given in J2000 for each
detection, along with the Julian Date (J.D.) and UTC observation time. All observations \were made on 2019 July 29 in the SDSS g- and
r-bands. ZTF data product filenames are listed in Table 9. Objects 1 and 2 have been identified as the asteroids 239154 (2006 KX9) and

728206 (2010 LF127), respectively.

Example case 2

J.D.

2458693.8131481
2458693.8291319
2458693.8384954
2458693.8393981

Observation time

2019-07-29 at 07:30:56.985
2019-07-29 at 07:53:57.595
2019-07-29 at 08:07:27.393
2019-07-29 at 08:08:45.309

2458693.8131481
2458693.8291319
2458693.8384954
2458693.8393981

2019-07-29 at 07:30:56.985
2019-07-29 at 07:53:57.595
2019-07-29 at 08:07:27.393
2019-07-29 at 08:08:45.309

Object 1 Band R.A. (J2000) Dec. (J2000)
(a) upper left g 309.9298057 -26.9091492
(b) upper right g 309.9258638 -26.9105563
(c) lower left r 309.9234980 ~26.9112611
(d) lower right r 309.9232354 -26.9114958
Object 2

(a) upper left g 309.9284917" -26.9187663
(b) upper right g 309.9253378  -26.9234575
(c) lower left r 309.9234978  -26.9262724
(d) lower right r 309.9232349 -26.9265072

lar, sample B is confined to an area within 6.5° of the center
of Earth’s shadow (i.e., p.<6.5°, for search radius p from
the shadow center), avoiding the most crowded fields at low
galactic latitudes (b >'20°). Sample C is a control sample,
residing completely outside of the Earth’s shadow, encom-
passing a/6% radius from the north ecliptic pole, where few
to no_minor, bodies are expected (B > 84°).

The goal of our search was to identify nonastrophysical
tramsients unrelated to satellite glints. Of special interest
were luminous objects that are (i) markedly streaking; (ii)
point’ sources that cannot be identified as planetesimals in
heliocentric orbit, (iii) clustered transients, and especially
(iv) trains of point sources, as of flashing, luminous objects

or of metallic glinting objects from beyond geosynchronous
altitudes. The prospect of detecting objects that meet one of
these descriptions can be used to motivate triangulation for
estimating range, in order to determine whether an object
of interest resides within Earth’s atmosphere and, if not, in
order to estimate its orbital parameters. This could permit
detailed follow-up observations and further characterization.

We detected transient candidates using the segmenta-
tion method in the photutils library(Bradley et al. 2024).
For each ZTF FITS image in the sample, the following pro-
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cedure was carried out using a software package called NE-
Orion that was developed in-house.*

(i) Detection: A detection threshold of 30~ was applied
above an adaptive (spatially varying) estimate of the back-
ground, essential for nonflat fields. The minimum area for
segment detection was 9 connected pixels.

(ii) Characterization: We calculated and stored param-
eters related to intensity and morphology, to identify arti-
facts (e.g., cosmic ray tracks) and to identify objects exhibit-
ing specific features (e.g., elongation/streaking).

e S/N (q): F/(cA), where ¥ is the integrated flux and
o is the standard deviation of image intensities for a 3-
sigma clipped copy of the image.

e Orientation (¢): Angle of semimajor axis orientation
(£90°), where 0° corresponds to horizontal.

o Length (semimajor deviation, 0,): one-sigma stan-
dard deviation along the semi-major axis of a 2D Gaussian
w/same 2nd-order moments as the source.

e Width (semiminor deviation, op): one-sigma stan-
dard deviation along the semi-minor axis of a 2D Gaussian
w/same 2nd-order moments as the source.

e Elongation (n): o4/

o Ellipticity (&): (0q — 0p)/0q; near zero for radially-
symmetric objects

e Area (A): Area of the segment in pixels.

e Equivalent radius (R): Radius of a circle of area A.

e Gini coefficient (G): Gini coefficient of intensities in
the segment. This is near 0 for uniform illumination and
near 1 if brightness is concentrated in a few pixels.

e Maximum intensity (p): Maximum intensity of pixels
inside the segment. (The Gini coefficient has applications
studies of galaxy morphology: see e.g., Lisker (2008).)

e Taper (T): We define the “taper” as the ratio of the
FWHM of the minor axis of the segment (~ 2.35 X o)
to the “seeing FWHM?” reported in the FITS meta data,
For point sources and straight-line streaking point sources;
T~ 1.

For all detections, we also tabulated deqge, the distance in
pixels from the edge of the field, where many linéar artifacts
tend to reside.

(iii) Labeling unmatched objects:“objeet-centroids
were estimated and then the angular distances calculated to
the nearest object in the Pan-STARRS (Panoramic Survey
Telescope and Rapid Response Systemy, catalog PS1 DR2;
Kaiser et al. (2002); Flewelling et al. (2020)) and SDSS
(Sloan Digital Sky Survey; citeyork2000sloan) catalogs resid-
ing in the field-of-view (dcar)™As discussed later, a threshold
is applied to dca to identify\*unmatched” objects.

(iv) Counting revisits: We tallied the number of times
ZTF captured andmage (of each filter type) that overlapped
the position of each ummatched detection (ny,ng,np). This
was used later to filter out transient detections whose posi-
tions were captured only a few times. For example, the ce-
lestial.coordinates of an unmatched detection having ng =7
wasdcaptured’7 times by the g filter. A detection with a low
revisit 'count may simply be a variable astronomical source

4 Neorion is an ancient Greek word for “shipyard”; Orion was a
hunter; NEOs are Near Earth Objects.

that happened to dim below the detection threshold. A de-
tection with a high revisit count and no proximate neighbors
is more likely to be a genuine transient.

(v) Computing nearest neighbor distances: We
computed the nearest neighbor distance between each un-
matched detection and all of the others (dnn). This was
used later to filter out false positives: i.e., objects that could
not be matched to catalog objects, but which appeared in
multiple images at the same (or very proximate) location:
these are likely to be slow-moving or unmapped/uncataloged
sources. An undesirable consequence is that tightly-clustered
transients are eliminated in this way.

(vi) Filtering: For ZTF samples B and C, we filtered the
unmatched detections to create several subsets. The goal of
the first filter pass (producing set I) was to identify allvalid
detections. The goal of the second filter pass (producing set
IT) was to remove likely artifacts like sensor noise and cosmic
ray tracks. The third filter pass (set III) préserved bright,
isolated objects. The fourth filter pass was\used to identify
elongated (streaking) objects. The conditions used to define
each subset are defined in Tables 6 and 7:\Note'that ¢7 is not
used in the definition of subsets for.the\control sample C.
In our discussion of results, we refer.to.the specific subset of
detections obtained using a/Specific method from a specific
ZTF sample as follows: sample/subset. For example, subset
IT of ZTF sample C is dénoted“C/II”. Note that we have also
disregarded all images with INFOBITS > 33554432, which
ZTF has used to, mark invalid data products.

For the.present proof-of-concept study, we manually re-
viewed the detections to determine what kinds of objects do
and denet appéar in these samples, rather than produce an
exhaustive catalogue of the results. For example, in Figure
7 we preséent a few examples from B/IV of streaking ob-
jects. Streaks resembling these may belong to one of several
categories: (i) meteors; (ii) high-altitude aircraft lights; (iii)
near-Earth asteroids located beyond the shadow cone; or
(iv) light-emitting objects above the atmosphere and mov-
ing within the shadow cone. The estimated angular speeds
based on streak length, exposure time (30 seconds), and
the assumption of continuous emission, can be used to esti-
mate altitude in the case of objects in circular orbits around
Earth. This can be used estimate whether, granting these
assumptions, they reside in the shadow cone. Confident as-
signment to (iv) is impossible, however, without estimating
a parallax, which is a primary objective of planned future
searches using ExoProbe (Villarroel & Marcy 2023).

“Flash trains” are linear alignments of point source
flashes, sometimes with intermediate streaking, commonly
associated with satellites but also conceivably produced by
pulsing light sources. NEOrion found no flash trains in Sam-
ple B (in shadow). By contrast, flash trains were readily
found in Sample C (near the ecliptic pole); we show typical
examples in Figure 8. These exhibit angular speeds consis-
tent with altitudes typical of Medium Earth Orbit (MEO)
to geosynchronous orbit (GSO).

NEOrion was also able to find clusters of previously cat-
alogued minor bodies, demonstrating the ability to find clus-
ters of transient candidates in single images. Manual follow-
up inspection was required to find displaced images of the
same objects in time-adjacent images, in order to recognize
them as planetesimals. For example, we found four previ-
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12 Villarroel et al.

Table 6. Conditions used to filter unmatched detections from ZTF samples B and C into subsets; see also Table 7.

Condition Definition Purpose

cl p<3x 10* not saturated

) don > 10 as separation from nearest unmatched detection

c3 dey > 5 as separation from nearest catalog objects

cg deat > 20 as highly separated from nearest catalog objects

c4 dedge > 20 pix at least 20 pixels from edge

cs (ny >3) vV (ng >3)V(np >3) location visited at least 10 times

ce qg>5 high S/N

cl g > 10 very high S/N

c7 p <6° within dark full shadow (DFS)

cs (£ <0.15) VvV ((lg] >5°) A (ly| <85°)) mnot a vertically- or horizontally-oriented elongated object (typi-
cal of many artifacts caused by telescope exposure and tracking
errors)

co G > 0.1 removes uniform-intensity artifacts

¢y G>0.2 removes uniform-intensity artifacts

ey’ G>0.5 removes uniform-intensity artifacts

c10 10 < A < 1000 removes tiny and very large objects

cii n>10 elongated objects (aspect ratio larger than 10)

c12 03<YT<1.3 removes cosmic rays and uniform-intensity artifacts

cly 03<T<1 removes cosmic rays and uniform-intensity artifacts

Table 7. Definitions of subsets of unmatched detections.

Subset Definition N detections (Sample B) Description
I c3ANcs Acy 3,734423 All valid dections
11 ClANC3ACaNCcsAcTANce Acg Acg Aclo ACl2 614,556 Most artifacts removed
111 ciAcaNCyACcaNes AcE AcT Acg Acg Acio A AcT, 16,693 Bright and isolated
v ClANCcyANcaNcs Acg ANcT Acg Acil A c|'2 5,940 Bright and elongated

ously catalogued minor bodies in a single ZTF image; these
are listed in Table 8. To find multiple transient candidates
similar to those presented in Villarroel et al. (2021); Solano
et al. (2024), however, one needs to search for clusters Of
transients in time-adjacent images corresponding to approx=
imately one hour of total exposure time. We have‘so far
not automated this follow-up confirmation process but have
plans to do so in future: that is, to download temperally ad-
jacent images of the same field and then search“for ¢ompa-
rably bright objects that have been displaced in"a*westward
direction. This enhancement would also permit us to search
for candidate transients that are clustered in time.

4 DISCUSSION

In this paper, we described ‘techniques that can be used to
search for extraterrestrial‘artifacts in the Solar System near
Earth. We discussed\the utilization of pre-Sputnik images,
space-borne telescopesy’the analysis of reflectance spectra
of space debris, and using the Earth’s shadow as a filter to
facilitatedhe,detection of such objects. Previous studies (Vil-
larroelwet al. 2022b) have employed pre-Sputnik images to
identify transients, yielding intriguing results. In the present
work, we focused on the Earth shadow filter, evaluating the
effectiveness of the methods for detecting fast transients and
flash/trains using existing data from the Zwicky Transient
Facility (ZTF).

Our first analysis focused on Sample A of 678 images,

Table 8. Cluster of previously catalogued minor
bodies/ detected wusing the automated search in the
shadow, Sample B (all objects were found within
5:7° of the Earth shadow center). All were found in
ztf_20230917395197_000445_zr_c04_o_q4_sciimg.fits, cap-
tured at 2023-09-17T09:29:06.489 (J.D. 2460204.8951968).
Displaced images of these objects were found in temporally
adjacent scenes.

Cluster of four catalogued minor bodies

R.A. (J2000) Dec. (J2000) Object ID

345.58864 -5.91241 6459 Hidesan (1992 UY5)
345.19842 -5.78249 18555 Courant (1997 CN4)
345.50169 -5.55202 29453 (1997 RU6)
345.68042 -5.62310 625124 1997 GK23)

encompassing a small subset (N = 262) of candidate tran-
sients in Earth’s shadow from a total of 11,029 one-off can-
didate transients with clear PSFs observed in single ZTF
images (shared by Igor Andreoni). These candidates were
constrained to durations shorter than 30 seconds, as given
by the time difference between the previous or subsequent
image captures (i.e., taken immediately before or after the
given exposure). Among these cases, manual follow-up in-
spection has revealed at best several fast transients. Of spe-
cial note is an uncatalogued object or set of objects shown
in Figure 4 and described in Table 3. Although the objects
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Figure 7. Examples of streaks fou
31.9 arcmin, and (b) 25.2 arcmin X 16.6;
through (c) are believed to be observations
~1 arcsecond) and uniform wid
the objects are gravitational
km, while object (b) corresp

the shadow center, from B/IV. The box sizes in the upper panels are (a) 46.3 x

the lower panels: (¢) 1.7 X 1.4 arcmin and (d) 2.6 x 3.8 arcmin. The first three images (a)
real objects, while the fourth (d) is likely a cosmic ray due to the narrowness (FHWM of
thetrack in spite of brightness fluctuations. Given the 30 second exposure time and assuming that
arth, the object in (a) is moving at angular speeds consistent with orbits lower than < 14,000
20,000 km altitude. Both objects are instead probably meteors (see text). (¢) This uncatalogued

object (not in MPC database as of April 2025) was 4.5° from the shadow center, and is probably an unknown heliocentric asteroid. If

instead this were in ircu
only about 2°. Refer

few degrees of the ecliptic, they do not
ist of small bodies in the Solar system or
et Center catalog as of April 2025. Moreover,
pair of three detections represent an asteroid, then
% es across the sky at about 4 arcseconds per minute,
which is several times faster than a main belt asteroid at
opposition.

ith

This leaves two possible interpretations. First, this case

ocentric orbit, the streak length implies an altitude of almost 200,000 km, where the shadow radius is
able 9 for the ZTF data product filenames.

may be similar to the multiple clustered transient cases of
unknown origin presented in (Villarroel et al. 2021; Solano
et al. 2024). A second possibility is that these detections
represent a single object in motion (e.g., a remote-controlled
human spacecraft or asteroid). This is a good illustration of
why triangulation is necessary to disambiguate events of this
kind.

We estimated the detection rate of one-off candidate
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Figure 8. Examples of flash trains caused by satellite glints near the ecliptic pole. The box sizes for the upper panels are (a)
8.6 X’5.7 arcmin, and (b) 8 arcmin x 4.6; for the lower panels: (c) 7.5 x 3.9 arcmin, and (d) 21.2 x 12.4 arcmin. Given the 30 second
exposuretime and assuming that the objects are gravitationally bound to Earth, these objects are moving at angular speeds consistent
withimedium Earth orbits to geosynchronous orbits. Refer to Table 9 for the ZTF data product filenames.
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Table 9. Table of filenames used in figure components, with distance from center of detected objects to center of Earth shadow.

FITS filename

ztf 20191004297708_000447_zr_c02_o_ql_sciimg
zt£.20191004351042_000447_2zg_c02_0o_ql_sciimg

ztf 20210211239062_000570_zr_c02_o_q3_sciimg
zt£.20210211278912_000570_zg_c02_0_q3_sciimg
ztf 20210211309618_000570_zg_c02_o_q3_sciimg
zt£.20210211359132_000570_zg_c02_0_g3_sciimg

ztf 20210319353982_000473_zr_c04_o_q2_sciimg
zt£.20210319378912_000473_zr_c04_o_q2_sciimg

ztf 20190729312951_000287_zg_c02_o_q2_sciimg
zt£.20190729329120-000287_2zg_c02_0_q2_sciimg
ztf 20190729338495_000287_zr_c02_o_q2_sciimg
zt£.20190729339398_000287_zr_c02_o_q2_sciimg

ztf 20190210285995_000467_zr_c09_o_ql_sciimg
zt£.20191027260613_000504_zr_c16_o_q4_sciimg
ztf 20191011385475_001494 zg_c03_o_q4 _sciimg
zt£20180912341435_000394_zi_c02_o_ql_sciimg

Figure = Component Shadow
center
distance

3 (a) left 4.6°
(b) right 3.0°
4 (a) upper left 5.9°
(b) upper right  4.8°
(c) lower left 4.3°
(d) lower right  4.5°
5 (a) left 7.5°
(b) right 8.2°
6 (a) upper left 1.0°
(b) upper right  1.6°
(c) lower left 2.1°
(d) lower right  2.8°
7 (a) upper left 4.9°
(b) upper right  4.4°
(c) lower left 4.5°
(d) lower right  3.3°
8 (a) upper left 79.4°
(b) upper right  85.2°
(c) lower left 85.8°
(d) lower right  81.8°

ztf 20190326382303_000825_zg_c10_0.g2_seiimg
zt£.20190326515729_000825_zr_c09_o_q2.sciimg
ztf 20190408450498_000826_zr_c11_o_ql_sciimg
zt£.20190411421551_00082522r_c09_0.g3_sciimg

transients. According to the IPAC server, a total exposure
time of 6,415,320 seconds (approximately 1800 hours) re-
sulted in the identification of 11,029 candidate transients. Of
this, only 2.4%—about 43 hours—was spent in the Earth-
akZs shadow, during which the observations covered 67,492
square degrees (including overlapping fields). During this
interval, we detected one candidate case for multiple tran-
sients in Figure 4, corresponding to a rate of ~ 3 x 1077
cases per hour per square degree, or ~ 0.01 cases per/hour
across the whole sky. This estimate is based on a single,event
and should be interpreted with caution due to small-number
statistics.

This is a factor of 10% less than the number of fast
flashes coming from reflections of space debris that has been
measured previously (Nir et al. 2021b; Corbetet al. 2020).
The multiple transient cases in Villarroel et al. (2021) were
estimated to occur at a rate of ~ 0.07 transients hour™!
sky~! and ~ 0.27 transients hour=! sky~! in Villarroel et al.
(2022b).

This small detection rate’is.not unexpected if the mul-
tiple transient candidates.aré-attributed to solar reflections
from artificial objécts in“geosynchronous orbits around the
Earth, as suggested in\Villarroel et al. (2021) and Villarroel
et al. (2022b). Further, the independent automated tran-
sient suryey (sets B-C) carried out in Section 3.2 (see total
detectionsilisted”’in Table 7) suggests that there might be
many more transients than were covered by the candidate
transient alerts described in Section 3.1.

Nevertheless, severe methodological limitations affect
the detection rate. Multiple transients were observed in im-
ages with 50 minutes of exposure in previous studies (Vil-
larroel et al. 2021; Solano et al. 2024), whereas ZTF im-

ages typicallysonly able to capture one-off transients, often
in sets containing a few consecutive 30-second exposures of
the same field. Unfortunately, the time spent on exposure
per” field is/typically only 2-3 minutes before the telescope
moves to.4a very different part of the sky, which makes it dif-
fieult o capture a process that could be spread out over an
hour or more. Therefore, the likelihood of observing multiple
transients with the ZTF is not high. The previous findings
of multiple transients in the Palomar survey used approx-
imately 50 minutes — 1 hour of exposure (Villarroel et al.
2021; Solano et al. 2024). To obtain a reasonable chance
of detection in ZTF, but also of distinguishing between the
effects of “multiple transients” versus the movement of an
asteroid, an equally long time window would need to be
necessary, resulting in hundreds of consecutive exposures of
30 seconds each—a condition not met in this study.

The automated survey of Samples B—C using NEOrion
made possible the detection and study of many other inter-
esting objects. We detected thousands of point sources of
interest (as potential flashes), but also many streaks, which
could form the focus of a follow-up study. The streaks shown
in Figure 7 are within several degrees of the shadow cen-
ter (Table 9). Streaks that cross the entire image, such as
the one in the upper left of Figure 7, are probably meteors.
The example shown in the upper right is contained entirely
within a single image frame. The most likely explanation
is a meteor striking the atmosphere at a steep angle. The
FWHM of the cross-section is consistent with stellar psfs in
the scene, suggesting an envelope of ionized gas measuring
less than 0.5 m in diameter if located in the upper atmo-
sphere. Alternatively, this could be a luminous object in
Earth’s shadow orbiting at an elevation of approximately
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20,000 km. Without an estimate of the parallax, we cannot
say for sure whether the estimated distance based on the an-
gular speeds matches expectations consistent with the more
prosaic explanation. With the help of instantaneous spectra
as described by e.g. Marcy et al. (2022b), we could determine
whether the luminosity derives from reflection or emission
(and if so, what kind).

The methodological limitations of this study will be mit-
igated by the new ExoProbe project, see Villarroel & Marcy
(2023). The project aims to build a network of telescopes
with high-resolution Complementary Metal Oxide Semicon-
ductor (CMOS) cameras to search for ET artifacts and
probes in the inner Solar System, in search of short flashes
(subsecond — second) associated with technological objects
of potential extraterrestrial origin. A series of short exposure
images (1s) will be taken at multiple telescopes simultane-
ously during an hour at a time, searching for any flash that
appears in several telescopes, so that we instantly obtain a
parallax (and hence the location) of such short transients.
The parallax information is absolutely essential in order to
estimate true distance. This will tell us whether objects like
those in Figures 4, 7 and 8 are at the distances indicated
by the angular speeds. The ExoProbe project enables us to
search for, locate, and instantly validate and verify the re-
sults of such detections.

Searches within the Earth’s shadow offer an exciting
opportunity as they filter out solar reflections from most
human-made objects. In the ExoProbe project, we will also
search for elongated streaks in the shadow. With the excep-
tions discussed earlier, human satellites are not expected to
emit any intrinsic light in the optical band. Therefore, one
of the most effective methods for identifying an ET artifact
or probe is by thoroughly exploring the shadow in searches
for pulsing and continuous light. Long-term follow-up study
of any such objects may be necessary to rule out prosaic ex-
planations like those earlier mentioned. The significance of
any discovery will be further enhanced if any of the object$
exhibit unusual spectra or unusual motion.

Studies that make use of instruments with significantly
higher time resolution and a ranging capabilitys/ such as
the new ExoProbe instruments that will searchin Farth’s
shadow, are necessary to find and convincingly identifytech-
nological objects of ET origin in near-Earth-space:

5 DATA AVAILABILITY

The ZTF image data underlying this article are publicly
available from the IPAC Infrared Science Archive at https:
//irsa.ipac.caltechsedu.
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