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Abstract: The first macroscopic object observed to have come from outside the solar system slipped
back out of sight in early 2018. 1I/2017 U1 ‘Oumuamua offered a unique opportunity to test under-
standing of gravity, planetary formation and galactic structure against a true outlier, and astronomical
teams from around the globe rushed to study it. Observations lasted several months and generated
a tsunami of scientific (and popular) literature. The brief window available to study ‘Oumuamua
created crisis-like conditions, and this paper makes a comparative study of techniques used by
cosmologists against those used by financial economists in qualitatively similar situations where
data conflict with the current paradigm. Analyses of ‘Oumuamua were marked by adherence to
existing paradigms and techniques and by confidence in results from self and others. Some, though,
over-reached by turning uncertain findings into graphic, detailed depictions of ‘Oumuamua and
making unsubstantiated suggestions, including that it was an alien investigator. Using a specific
instance to test cosmology’s research strategy against approaches used by economics researchers in
comparable circumstances is an example of reverse econophysics that highlights the benefits of an
extra-disciplinary lens.

Keywords: ‘Oumuamua; interstellar objects; black swan event; non-gravitational acceleration; inter-
disciplinary research; reverse econophysics

1. Introduction

On 19 October 2017, astronomers in Hawaii sighted what turned out to be an elon-
gated, dark object. Based on its high speed and unusual trajectory, the object was obviously
not in solar orbit, and it quickly became accepted as the first body to be observed that
had come from outside the solar system. It was named ‘Oumuamua, which is Hawaiian
for scout or messenger, and remained the subject of intense scrutiny until 2 January 2018
when it became too faint to see, even from the Hubble space telescope [1–4]. ‘Oumua-
mua displayed a variety of puzzling behaviors and proved to be a genuinely seminal
encounter, which attracted great interest from physicists and non-specialists across many
fields, and laid the foundations for a new discipline that studies material from outside the
solar system.

In 2017, scientific expectations for sizeable interstellar objects (ISO) had been clear:
they were rare, prospects for identifying one “appear to be bleak” [5], and the most likely
candidates were easy to see icy comets or asteroids. Contact with a dark rock prompted
upward revision of ISOs’ expected spatial density by a factor of several thousand [6].
As a true outlier, ’Oumuamua was modern cosmology’s first black swan (Black Swan was
a metaphor that London wags used for non-existent phenomena until Dutch navigator
Willem de Vlamingh encountered them in 1697 on Perth’s aptly named Swan River. Nassim
Taleb used this as the theme of his book, The Black Swan: The impact of the highly improb-
able) and its many unexpected properties provided an opportunity to test astronomical
theories [7].

The ‘Oumuamua encounter serves as a natural experiment for extra-disciplinary
evaluation of modern cosmology’s research strategy as set out in leading scientific journals.
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This paper’s research objective is to make a comparative study of how researchers in
physics and economics disciplines have handled observations that do not conform to the
existing paradigm by evaluating physicists’ analysis of ‘Oumuamua against economists’
approach to qualitatively similar situations.

The comparative scrutiny involved study of papers with an eye to their compilation
of data and its analysis. At the start of 2021, Discovery database listed 157 peer-reviewed
journal articles with ‘Oumuamua among their keywords (double the number of two years
earlier). About half addressed ‘Oumuamua’s trajectory and physical properties, and these
formed the core sample. Other papers were interpretative and addressed topics such as
the origin of ‘Oumuamua and the probable distribution of similar objects, or used it as an
exemplar in discussion of varied topics such as responses to discovery of similar objects.
Each paper was evaluated in light of its implications for the existing cosmological paradigm
and the breadth of its conclusions. The intuition is that research publications should not
merely showcase knowledge of the current paradigm but use findings to test hypotheses
so that existing theory can—as required—be reimagined.

It seems appropriate to evaluate researchers’ response to ‘Oumuamua in terms of
the scientific method, and the following sections, respectively, discuss observation and
data collection, and hypotheses derived in relation to ‘Oumuamua’s features and natural
history; then compare cosmologists’ study of ‘Oumuamua against two qualitatively similar
examples from finance, and discuss the relative strengths and weaknesses of the two
disciplines’ research.

2. Data Obtained from Cosmologists’ Observations

‘Oumuamua was traveling several times faster than the speed of any man-made object,
which ruled out close approach and confined research to remote observation across visible
and electromagnetic spectra. This section addresses published studies of ‘Oumuamua.

Starting with physical features, ‘Oumuamua’s remained vague. It exhibited chaotic,
time-varying behavior [8], including variation by a factor of ten in the brightness of its
light curve [9]. This permitted multiple interpretations of its dimensions and shape [10],
and the most accurate physical description of ‘Oumuamua is that it is 240 [11]–1000 [1]
meters long; has an elongated shape consistent with that of a cigar [1] or pancake [12]; is
tumbling, with a rotation period between 3 [13] and 55 [12] hours; is moving at between
10 km/s [14] and 26 km/s [15] relative to the local standard of rest; and is red [1], inho-
mogeneous, variable or spotted [16], dark or largely neutral [17] in color. Comparison
of light curve observations over two months identified brightening that suggests even
more elongation [6], and ‘Oumuamua’s composition was not established. About the only
feature that observers agree on is that ‘Oumuamua has no detectable emissions of gas or
matter [8,11,18], which is confirmed by the lack of any electronic emissions [10], absence of
meteorite activity on Earth when it passed in ‘Oumuamua’s wake that would indicate dust
emission [19], and a rate of spin, which is too low for the torque that would result from
outgassing [20].

Another physical aspect of ‘Oumuamua is its trajectory, which also proved highly
uncertain. Positional data showed non-gravitational acceleration (NGA), which is typical
of active, comet-like bodies. As a NASA press release (number 18-056 of 28 June 2018)
put it, when ‘Oumuamua disappeared from view close to Neptune’s orbit, it was 40,000
km further away than if only gravitational force had been acting. NGA was reported as
4.92 ± 0.16 × 10−6 m/s2 at a distance of 1 AU from the sun [21]. This radially outward
acceleration is about one-thousandth of solar gravitation and was interpreted as result-
ing from ejection of about 10 kg of mass each second towards the sun at a velocity of
300 m/s [22]. Conversely, a number of studies concluded that ‘Oumuamua could not have
NGA as large as reported [20,23].

Details of ‘Oumuamua were inevitably imprecise because it is an intrinsically faint
body, and observations were made from distances in excess of 40 million kilometers,
which is equivalent in scale to observing a grain of beach sand from a satellite in Earth
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orbit. ‘Oumuamua could not be directly imaged and was too indistinct to measure; because
it was already moving away from Earth when sighted, brightness faded rapidly after
discovery [24].

Also complicating determination of ‘Oumuamua’s features is the absence of agreement
on the optimum analytical models [25]. Calculations of its dimensions, for instance,
assumed that a body stabilizes by rotating around its shortest axis, and so its light curve’s
periodicity will be set by the ratio of lengths of the two longest axes; and also that the light
curve’s amplitude is related to an object’s size and surface scattering properties. Hence,
estimates of ‘Oumuamua’s dimensions depend on the interpretation of faint photometric
imagery and untestable assumptions about its surface properties and motion [24,26].

To summarize, ‘Oumuamua’s distance, brief transit, small size, and dark appearance
brought wide disparity in reports of its dimensions, shape, composition and velocity,
which elicited the droll understatement that “these facts . . . are far from definitive” [27].

3. Hypotheses in Relation to ‘Oumuamua

After compiling observations of ‘Oumuamua, the principal puzzles centered on its
natural history, unusual physical features, causes of NGA and its previous trajectory.

Several papers advanced explanations for ‘Oumuamua characteristics that are unheard
of in the solar system. One proposed [28] that its elongated shape must have been acquired
during ‘Oumuamua’s interstellar journey, with the unstated assumption that no conditions
exist anywhere to form anything other than the roughly spherical shapes that characterize
the solar system. Another discussed ‘Oumuamua’s excited rotational state, and argued
that—because of the rarity of collisions in space—it must have been acquired long ago in
its home planetary system [8], which dismissed the possibility of significant interaction
during its interstellar journey.

‘Oumuamua’s anomalous acceleration away from the sun became linked to explana-
tions for behavior of comet-like objects. Thus, detailed analysis of its light curve concluded
that ‘Oumuamua was most likely “a thin disc (slab) experiencing moderate torque from
outgassing” [25], and the most authoritative survey of its NGA [21] found “comet-like
outgassing to be the most physically plausible explanation”. The nature of the outgassing,
however, was not agreed upon. For instance, it was proposed that ‘Oumuamua’s NGA and
shape could be explained by the presence of hydrogen ice rather than other volatiles [29],
but modeling showed such a structure could not survive interstellar radiation [30]. In ad-
dition, the required rate of ejection was high relative to its inferred mass [22]. Thus,
other alternatives emerged. One paper dismissed any consistency between ‘Oumuamua
and previously observed transient bodies [18] and proposed it as a thin (<1 mm thick), low-
density (0.1 ton/m3) object that was accelerated outwards by solar radiation, which implies
a new class of material that could be the product of alien craftsmanship. This conflicted
with published estimates [31] of ‘Oumuamua’s density that exceeded 1.5 ton/m3 and the
absence of cohesive or tensile properties consistent with a light sail.

Any interstellar visitor naturally promotes interest in its history, and after ‘Oumua-
mua’s trajectory had been described, it should be relatively straightforward to backtrack.
An analysis attempted to retrace ‘Oumuamua’s path to perihelion a month before discovery
where it should have been captured by solar observatories, but that proved unsuccess-
ful [32]. Other studies went further back in time, though, to determine ‘Oumuamua’s
original home star or galaxy [33–35]. While a number of candidates were identified,
none was conclusive.

4. Reverse Econophysics

Econophysics has become a new subdiscipline that introduced insights from physics
to explain stylized economic facts. This section looks at lessons for physics in the strategies
of economics researchers, using two topics that are qualitatively similar to ‘Oumuamua,
namely the global financial crisis (GFC) of 2008 and evidence that investors behave irra-
tionally in not following precepts of modern portfolio theory (MPT).
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An issue shared by physics and economics is the Duhem-Quine (DQ), or joint test,
problem where interpreting observations must rely on untested theory [36]. The ‘Oumua-
mua joint test problem involves its NGA, which does not match expectations from Newton’s
law and/or general relativity and is explained by outgassing that is assumed rather than
demonstrated. Neither law of gravity has been conclusively proven, and calculating NGA
introduces multiple human-based dependencies. Thus, ‘Oumuamua’s unexpected NGA
may be due to shortcomings in theoretical assumptions, mundane errors in observation or
analysis, or a genuine anomaly. A similar situation applies to other analyses that are model-
dependent or rely on untested assumptions, such as albedo and rotation in calculation
of dimensions.

Economics has similar issues, such as assessing investors’ rationality against MPT,
which is unproven. Its research takes advantage of observations made separately by groups
that use a variety of different, sometimes unrelated, techniques, equipment and software;
and deliberately marshals disparate research efforts to bring a strong focus on crises and
behavioral puzzles. One approach is single topic conferences. When Queen Elizabeth
visited the London School of Economics shortly after the GFC and asked, “Why did no one
see the crisis coming?” the British Academy responded by holding a specialist seminar
around this puzzle [37]. Although there have been conferences on other physics topics such
as gravitation, none seems to have been held for ‘Oumuamua. A longer-lived focus comes
from establishment of centers that promote multidisciplinary evaluation of clearly defined
questions. The standalone Santa Fe Institute, for example, selects large problems, such as
why some economies outperform and engages researchers from dozens of disciplines [38].

It is common in economics and other social sciences to form subdisciplines to tackle
intransigent puzzles. One of the most significant extra-disciplinary initiatives came after
the 1960s when psychologists applied their new cognitive models of decision-making
to investment and founded the discipline of behavioral economics that brought a Nobel
Prize to Daniel Kahneman [39]. As other disciplines’ tools and techniques extended
with technology, behavioral economists embraced them, such as enlisting neuroscientists
and MRIs to study investors’ brains while making decisions [40]. Although it has been
suggested that ‘Oumuamua should prompt a new branch of astronomical research to study
interstellar objects [41], progress has been slight.

Economics, psychology and other social sciences make use of data sets involving
different geographies, periods and data collection techniques that enable independent
development of hypotheses and replication of findings. The potential for insights into
‘Oumuamua is indicated by the variety of observations from different teams [12,16,24,26]:
many display outliers, short-lived anomalies and patterns that are suggestive of qualitative
discrepancies, which might lead to contrasting conclusions if they were analyzed separately
as individual datasets. These potential learning opportunities were passed up, though,
through the standard practice in cosmology of co-mingling published and shared data; and
by scant reports of complex techniques and withholding of proprietary software, e.g., [22].
Even when skill sets were combined, such as through the ‘Oumuamua International Space
Science Institute (ISSI) Team, the perspective was narrow as no member had a background
from other sciences, such as chemistry and geology, much less insights from systems
analysts or social scientists.

An issue which economics and other social and biophysical sciences share with physics
is that as much as 90 percent of observations do not match the prevailing paradigm. The typ-
ical response is to incorporate some form of dark matter, which serves as a placeholder
until an explanation emerges. For example, economics relies on an invisible hand to explain
how demand and supply automatically reach equilibrium and on psychological biases to
explain why investors do not rationally price assets. Puzzles prove resilient when processes
are invisible and generate no data and in closed-loop systems with nonlinear dynamics.
Complexity theory is a multidisciplinary approach that is making progress [42].

Considering the application of some of these economics research techniques to physics
offers the possibility of innovative perspectives.
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5. Discussion: Strengths and Weaknesses in ‘Oumuamua Research

An impressive aspect of research into ‘Oumuamua was the speed with which infor-
mation was published. The Astrophysical Journal Letters took the lead with an initial
paper published on 30 November 2017 and over 30 since. Most disciplines measure time
to publication in months or years, whereas AJL took days, and other journals were com-
parably efficient. Invariably, papers were of high quality, evidencing good preparation
and tight editing, and offered actionable insights from cosmologists’ research. Importantly,
most papers avoided jargon and assumed modest pre-knowledge, so they were readily
accessible to interested non-cosmologists.

The most striking feature of the hundreds of articles about ‘Oumuamua was confidence
in conclusions that largely relied on observations in visible light, which produced no
more evidence than is contained in a few pixels [17,43]. Despite that, scientists provided
authoritative descriptions right down to commissioning artists’ impressions showing the
object in extraordinary detail [44]. As another example, ‘Oumuamua’s track could not
be unwound more than a few days before discovery; there was no information about
its inbound trajectory and no agreement on the magnitude of any anomalous outbound
acceleration. That should rule out credible suggestions about its past or future journey,
but multiple authors did not agree and canvassed its origins and destination.

A second striking feature was researchers’ self-restraint in respecting colleagues’ con-
tributions and cleaving to established paradigms. Unraveling the enigma of ‘Oumuamua
demanded multiple skills in observation and analysis, which forced researchers to rely
on fellow scientists’ conclusions. These interdependencies were marked by collegiality,
with a refusal to contemplate turf wars. Few authors questioned material they relied on,
and most were at pains to point out consistency of their results with those of colleagues.
Given difficulties in observation, it was surprising to see only a few dissenting conclusions
drawn from shared data [examples include [20,23,25,27,30,45]. Few researchers challenged
the reasonableness of even the most improbable findings.

There was matching self-restraint in interpreting the obvious conclusion from photo-
metric comparisons that ‘Oumuamua was extreme relative to comets and asteroids [6,46].
Researchers were unwilling to tinker with the existing paradigm, which implied that the
solar system contains a reliable sample of all objects in the universe. With no additional
information expected to be found from an interstellar data point, ‘Oumuamua was not stud-
ied de novo, and its features were given conventional explanations. By contrast, economics
tends to look at data in isolation and develop hypotheses.

Examples of socializing ‘Oumuamua’s surprises can be seen in analyses of its trajectory,
which is intuitively its most obvious and easily determined feature. It also offers out-of-
sample tests, which are the best demonstration of how well any phenomenon is understood.
This was demonstrated with a second ISO 2I/Borisov, which was similar to solar system
comets [47], and—although detected in August 2019 when inbound about 3 AU from the
sun—was successfully identified in earlier images dating back to late 2018 when it was
7.8 AU from the sun [48]. By contrast, there was no success in a similar attempt to backtrack
‘Oumuamua beyond a few days, so it does not seem reasonable to place any credibility on
conclusions regarding its trajectory.

Another example of doubtful conclusions relates to NGA, which is commonly ob-
served with similar objects, and was reported for ‘Oumuamua with 30 σ significance [21].
Its velocity, though, was far above that of any solar system body and comparable to that of
nearby stars [1,26], and its NGA is an order of magnitude above the median and in the top
decile [49]. In addition, NGA confidence dropped to as low as 2.5 σ using subsets of the
data, and other analyses did not detect any non-gravitational forces [34]. Given puzzles in
theoretical understanding of gravity and previous significant errors in similar calculations,
it would have been useful to fully support findings. Despite this, the paper reporting NGA
provides some observations and pointers to freely available software, but code is withheld
as proprietary, and numerical findings are only briefly reported [50]. The result is that
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NGA essentially emerges from a black–box, and readers are left with no alternative but to
accept the calculation.

Out-of-sample tests show that ‘Oumuamua’s trajectory was not accurately determined,
and the claimed level of significance for its NGA does not seem reasonable. Although
‘Oumuamua’s striking NGA could result from repulsion by the sun (such as solar radiation),
attraction by a distant object (which is consistent with its hyperbolic trajectory), an inherent
property, or provide evidence of inapplicability of Newtonian gravity, it was attributed
without any evidentiary support to outgassing [20]. A challenge suggesting a constant
acceleration vector was dismissed as not matching data any better than outgassing [21].

A further challenge to conventional explanations of ‘Oumuamua’s natural history
was the suggestion that it was a product of alien artifice. Even though there was zero
supporting evidence, the explanation faced little argument, perhaps because ‘Oumuamua
was sighted on the day after the 50th anniversary of the first telecast of one of Star Trek’s
most popular episodes in which the similarly shaped doomsday machine nearly ended
voyages of starship Enterprise [51]. The attribution to aliens gained some currency but was
studied in conventional terms within existing paradigms (an exception is reference [52]).
For instance, communications between aliens and ‘Oumuamua were ruled out based on
reviews of emissions across standard electromagnetic wavelengths [53,54]. If an alien
civilization were using such an exotic tool for interstellar exploration, surely it would
communicate through something more sophisticated than our 5G wireless network. A true
assessment would have taken ‘Oumuamua’s proximity as an unprecedented opportunity
to detect even weak alien signals (and evaluate other exotic aspects), which—assuming
that alien instruments work best at close range—would peak during or soon after reaching
target-rich settings. Search for alien signals would have looked to granular geo- and
astrophysical data from neutrino detectors and similar, where anomalies common to days
when ‘Oumuamua passed near the sun and planets would be a powerful tale. (Reuters
reports contain nothing “weird” on 8 October 2017 when Oumuamua passed closest to
Earth, and UFO sightings were only a little above-average during ‘Oumuamua’s transit:
see National UFO Reporting Center data at www.nuforc.org). Another avenue to explore
is any significance in what we know as fact, such as ‘Oumuamua’s velocity, distances of its
Earth and solar flybys, and its next destination. Perhaps its overactive light curve holds
a clue.

6. Conclusions

Science has a global constituency, so ‘Oumuamua became a media highlight. It is
impractical for the public, which funds such work, to know how much reliance to place
on scientific research, but ‘Oumuamua enables some evaluation. In reality, information
about Oumuamua is sufficiently vague to accommodate multiple hypotheses. Where this
counseled caution, it all too often promoted speculation promoted as fact. In addition,
although ‘Oumuamua’s exceptions provided a unique opportunity to evaluate existing
assumptions, little effort was made through comparison of different teams’ observations,
sharing techniques in the spirit of Open Science, and bringing insights from experts in
other physical and social sciences. Anomalies were simply shoehorned into the existing
paradigm, which is a well-worn path for physicists, who invent something unknown to
solve a puzzle without upsetting the paradigm and have seen ether, dark matter, dark en-
ergy and alien civilizations [55] paper over other disturbing theoretical cracks.

Although a sample of one, ‘Oumuamua offered an exciting learning opportunity that
could catalyze reimagining of cosmological phenomena. However, to protect troubled
paradigms scientists simply airbrushed out its puzzles through patchwork modifications
that were as improbable as alien artifice.

A number of ideas are suggested by a comparative analysis of physics and economics
research. Planning for studies of future interstellar objects may provide for greater co-
operation between teams to maximize the breadth of observations without duplication;
agree and publish bespoke tools and software to analyze NGA, rotation, emissions and
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other puzzles, which would quickly identify anomalous findings and facilitate replication;
access observations from non-cosmological instruments; and bring geoscientists, systems
analysts and social scientists onto study teams to catalyze ideas. A multi-day conference on
‘Oumuamua could revisit data without prejudgments; build on its puzzles and surprises to
develop specific research questions for future studies, and formalize a new discipline to
study interstellar objects. Finally, ‘Oumuamua’s inexplicable NGA adds to the long list
of well-documented gravitation puzzles in the solar system, e.g., [56] that justify intense
scrutiny of Newton’s Law.

In closing, implications of the discussion above are clear: as a true black swan, ‘Oumua-
mua was an outlier object that was quite different from expectations of interstellar bodies.
It is one of the most elongated objects observed, is tumbling, not spinning, has remark-
able photometric variability, and is traveling fast in a unique orbit. Many, perhaps most,
of ‘Oumuamua’s parameters lie well into the tails of near-Earth samples [4], and it has nu-
merous inexplicable features. As observations of ‘Oumuamua grew, its physics, chemistry
and behavior became less and less like anything previously encountered. If it is representa-
tive of a significant portion of interstellar objects, then assumptions based on data compiled
on Earth may not encompass distant settings, and the existing paradigm would not be
relevant on galactic and cosmic scales. That, of course, describes the current situation.
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