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The quest to find intelligent extraterrestrial life has captivated humanity for a long time,
motivating the development of various strategies to search for signs of advanced civilizations.
These strategies comprise multiple techniques and span different regions of the electromagnetic
spectrum. One approach considers the existence of Dyson spheres, one specific type of
megastructure theorized by Freeman Dyson over sixty years ago. Dyson hypothesized that
advanced civilizations would eventually outgrow their planetary resources and aim to collect
the energy of their central star by building colossal structures to harness the star's energy. The
potential existence of these structures represents a potential technosignature that might be hiding
in large astronomical surveys, and this thesis revolves around exploring such a premise. First,
we devote our search to assessing upper limits on the prevalence of Dyson spheres in the Milky
Way by analyzing combined optical and mid-infrared photometric data. These upper limits
are presented on the fraction of stars that may potentially host Dyson spheres and are model-
dependent. We find robust limits of 1 over 100,000 stars for 300 K Dyson spheres at a 90%
completion level within 100 pc. After that, we develop a pipeline especially tailored to identify
potential Dyson sphere candidates in a sample of five million objects with available optical, near,
and mid-infrared photometric data. This pipeline yields seven M dwarfs exhibiting anomalous
infrared excess that deserve further analysis. Finally, we present an analysis of photometric and,
in some cases, spectroscopic data on these seven objects, plus three additional sources sharing
similar properties. The stellar parameters, derived from calibrated empirical relationships for M
dwarfs, reveal no irregularities compared to the typical M dwarf population. While the infrared
properties of our targets resemble, in some cases, those of young stars, spectroscopic data show
no signs of youth usually observed for such objects. We still lack a clear explanation for the
infrared excess of these stars, but we acknowledge that future follow-up observations could
probe scenarios in which the infrared excess is due to circumstellar dust emission.
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Part I:
The Search for Extraterrestrial Technology

Are we alone in the Universe? With hundreds of billions of stars in
our Galaxy alone, with potentially billions of habitable planets orbiting
them, it seems unlikely that the answer is a definitive “no.” Further
afield, the number of stars — and hence planets — grows radically as
we contemplate the vast amount of galaxies beyond our own. How-
ever, despite decades of stringent searches, unambiguous evidence of
extraterrestrial life remains frustratingly elusive. This chapter embarks
on a journey through some part of the Search for Extra-Terrestrial In-
telligence (SETI).






1. History and concepts

1.1 Early SETI

For centuries, humankind has pondered the question of whether we are
the only inhabitants of the Galaxy. For many years, the hypothesis of
other species living on other planets and possessing technology surpass-
ing ours stayed in the realm of science fiction. It was not until 1959 that
the first scientific paper proposing a concrete method for searching for
extraterrestrial signals was published. In this innovative work, Cocconi
and Morrison (1959) explored the optimal region of the electromagnetic
spectrum for potential interstellar communication, assuming that other
intelligent civilizations exist in systems hosted by stars similar to our
Sun and might be attempting to contact us. Specifically, they suggested
directing efforts to detect signals of extraterrestrial intelligence emanat-
ing from the stars 7 Ceti and e Eridani. The publication of this seminal
paper marked the dawn of what we now recognize as modern SETI.

Within the subsequent two years, three new articles emerged, each
offering novel strategies for pursuing signatures of extraterrestrial in-
telligence. Bracewell (1960) postulated that long-range communication
signals seem improbable when considering a small number of advanced
civilizations within the vast number of stars in the Galaxy. Instead,
Bracewell advocated exploring our Solar System for potential probes of
extraterrestrial origin, serving as beacons for intergalactic communica-
tion channels.

In the second paper, Dyson (1960) introduced a pioneering approach
by proposing the detection of infrared signatures originating from stars.
This infrared light might come from the waste heat emitted by megas-
tructures built by highly advanced civilizations to exploit the energy
of their host stars. Dyson’s hypothesis relied on the premise that as
civilizations progress, they would inevitably seek to harness the energy
resources of their host stars, which would potentially culminate in the
construction of such colossal megastructures.

Finally, Schwartz and Townes (1961) introduced a proposal to search
for interstellar communication signals within the optical spectrum, mo-
tivated by the recent invention of lasers during that period.

Numerous pivotal moments in SETI history took place after the pub-
lication of these seminar papers. Table 1.1 provides an overview of some
of these milestones up to the year 2000. One particularly noteworthy
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Figure 1.1. The 26-m Howard E. Tatel Radio Telescope at NRAO used in
Project Ozma. CC BY-SA 4.0

milestone is the execution of the first SETI radio search, famously known
as “Project Ozma.” This project targeted the nearby stars 7 Ceti and
¢ Eridani (Drake, 1961) and focused on detecting emission in the 21-cm
line, which corresponds to the energy of a photon emitted from a hy-
drogen atom during an electronic ground-state spin-flip transition. Fig-
ure 1.1 depicts the 28-meter Howard E. Tatel Radio Telescope utilized
for this project, situated at the National Radio Astronomy Observatory
in Green Bank, West Virginia. This facility played a pivotal role in the
early endeavors of SETI research, symbolizing one of humanity’s first
quests to explore the cosmos for signs of extraterrestrial intelligence.

Another milestone corresponds to the creation of the renowned Kar-
dashev scale to classify civilizations according to their energy consump-
tion, which was introduced in Kardashev (1964). This conceptual frame-
work has since become an influential tool in the field of SETI, aiding in
the categorization of potential extraterrestrial civilizations.

A decade later, Crick and Orgel (1973) delved into the intriguing
possibility of life being deliberately seeded on Earth by an advanced
extraterrestrial civilization. This hypothesis sparked considerable de-
bate and speculation within the scientific community, underscoring the
interdisciplinary nature of SETT research.

In 1975, Michael H. Hart thoroughly examined the arguments sur-
rounding the absence of extraterrestrials on Earth, concluding that the
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likely explanation for the lack of colonization by aliens is the non-
existence of other civilizations in the Milky Way (Hart, 1975). This
provocative assertion prompted further reflection and discussion within
the SETI community, highlighting the ongoing quest for understanding
humanity’s place in the Universe.

Table 1.1: Timeline of some of the milestones in SETI history until 2000

Year Milestone

1959 The first modern SETT article is published
(Cocconi and Morrison, 1959)

1960 Frank Drake conducts the first SETT search,

Project OZMA. The results are published
the following year (Drake, 1961)
1960 Searching for interstellar probes is proposed
as an alternative SETT strategy
(Bracewell, 1960)

1960 The possibility of searching for megastructures
based on their infrared waste heat signature
is presented (Dyson, 1960)

1961 The search for continuous optical
laser beacons is proposed

(Schwartz and Townes, 1961)

1961 The first SETT Conference, Order of the

Dolphin, takes place. Frank Drake
introduces his famous equation

1964 The Kardashev scale is introduced
(Kardashev, 1964)
1972 - 1973 The Pioneer Plaques, containing a message

about our planet are placed on board of the
Pioneer 10 and Pioneer 11 space probes
1973 Francis Crick and Leslie Orgel evaluate the
possibility of life on Earth originating
elsewhere in the Universe
Crick and Orgel (1973)
1975 Michael H. Hart publishes a detailed
examination of the Fermi paradox,
and argues for the non-existence of
other civilizations (Hart, 1975)
1977 The Ohio State Big Ear telescope detects
the famous “Wow!” signal
from the constellation Sagittarius
1977 Voyager 1 and Voyager 2 space probes
launched carrying gold records
containing images and sounds of Earth

1979 The Planetary Society is founded by Carl
Sagan, Bruce Murray, and Louis Friedman
1981 The Proxmire Amendment kills congressional
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Table 1.1 continued from previous page
support of NASA SETI
1981 The Planetary Society begins advocacy for
NASA to conduct searches for extraterrestrial
signals. Dr. Sagan, then-president of the Society,
persuades senator Proxmire to stop opposition
1983 The International Astronomical Union establishes
Commission 51, dedicated to astrobiology and
the search for extraterrestrial life
1984 The SETI Institute is founded as a home for
research, investigating all aspects of life in
the Universe. Initially, its activities
were supported by NASA
1989 The Planetary Society takes over the publishing
of “Bioastronomy News” as one of its
special-interest newsletters
1992 NASA’s High-Resolution Microwave Survey
(HRMS) observations begin to operate at
the Goldstone Observatory and at
the Arecibo radio telescope

1993 Funding for NASA’s HRMS searches
is eliminated by the US Congress
1994 The SETT League was founded, which became

the world’s major privatized SETI
observational program

1995 The SETT league has since grown to
1100 members in 56 countries
1995 51 Pegasi B is detected — the first confirmed

planet around a nearby Sun-like

star (Mayor and Queloz, 1995)

1998 The SETT Institute and The Planetary

Society now support searching for
optical laser signals

1.2 Key concepts

1.2.1 The Kardashev Scale

Similarly to Cocconi and Morrison (1959), Kardashev (1964) also con-
ducted an analysis to determine the most efficient region for the trans-
mission of electromagnetic signals, with the aim of evaluating the trans-
mission rate of information. In his study, Kardashev explored the opti-
mal frequency range for signal transmission within the frequencies con-
sidered by Cocconi and Morrison (1959), ultimately arriving at conclu-
sions aligned with the advantages of utilizing radio signals. Addition-
ally, Kardashev identified a critical factor influencing the assessment
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of information transmission: the noise temperature 7. He observed
that a significant source of uncertainty in this assessment stems from
the estimation of the power emitted by the civilization in question. To
address this, Kardashev proposed a classification system categorizing
civilizations based on their energy consumption. This categorization
scheme, known as the Kardashev scale, is presented below.

o Type I: Civilization possessing technology enabling energy con-
sumption at a level comparable to that of Earth in the 1960s
(approximately 4 x 10'? watts).

e Type II: Civilization capable of harnessing the energy of its host
star. The energy consumption is comparable to the luminosity
of the Sun (approximately 4 x 1025 watts).

e Type III: Civilization capable of harvesting the energy of its
host galaxy. The energy consumption is comparable to the
luminosity of the Milky Way (approximately 4 x 1037 watts).

Several modifications have been proposed after the original formu-
lation of the Kardashev scale. Sagan (1973) advocated using Arabic
numerals instead of Roman numerals to allow for intermediate val-
ues. Additionally, Sagan proposed significant changes to the energy
consumption criteria for a Type I civilization, arguing that Kardashev
(1964)’s initial estimation was outdated. Building on Sagan’s ideas,
Gray (2020) further suggested using Arabic numerals and intervals of
10'° to accommodate decimal fractions, thereby providing finer resolu-
tion in the scale. Within the frameworks proposed by Sagan (1973) and
Gray (2020), the Kardashev scale can be represented as:

loglo(I ) —6
K=—"— 1.1
10 ) ( )

where K is the Kardashev scale value, and P is the power emitted by
the civilization in Watts.

Gray (2020) also introduced the concept of civilizations Type 0.0 and
Type 4.0 by extrapolating the energy consumption required by Equa-
tion 1.1 to derive these K values. A Type 0.0 civilization would exhibit
a power level comparable to the metabolic power of the largest terres-
trial animals and groups of animals on Earth. Conversely, a Type 4.0
civilization would wield power approaching the current estimates for the
luminosity of the observable universe (e.g., Wijers, 2005).

The original Type I civilization proposed by Kardashev (1964) would
correspond to K = 0.67 according to Equation 1.1. In contrast, our
current civilization would correspond to K = 0.73 if we consider the
world energy consumption during 2022, as provided by Ritchie et al.
(2023).

15



The Anti-Kardashev scale

The Kardashev scale traditionally revolves around the manipulation of
large-scale structures, with the numerical values representing the size of
these structures. However, an intriguing departure from this perspec-
tive is presented by Barrow (1999) in the form of the “anti-Kardashev
scale.” In this concept, Barrow highlights humanity’s tendency to pri-
oritize the enhancement of our ability to manipulate our environment
on increasingly smaller scales, rather than exclusively focusing on larger
ones. Consequently, he proposes a reverse classification system, span-
ning from Type I-minus to Type Q-minus:

e Type I-minus: Civilization capable of manipulating objects on
the scale of itself: building structures, mining, etc.

e Type II-minus: Civilization capable of manipulating genes and
alter the development of living things.

e Type III-minus: Civilization adept at manipulating molecules
and molecular bonds, thereby being able to create new materi-
als.

e Type IV-minus: Civilization capable of manipulating individ-
ual atoms and create complex artificial life forms.

e Type V-minus: Civilization capable of manipulating atomic
nuclei and engineering its components.

e Type VI-minus: Civilization that manipulates most elementary
particles of matter, capable of creating organized and complex
populations of elementary particles.

e Type Q2-minus: Civilization that exploits the fundamental struc-
ture of space and time.

Notice that the traditional Kardashev scale and the Anti-Kardashev
are simultaneously compatible.

1.2.2 The Drake and The Seager Equations

One of the most significant inquiries in the field of SETT revolves around
the estimation of the number of civilizations within our Galaxy with
which communication could potentially occur. This idea holds utter
importance as it aids in approximating the frequency at which we might
encounter signals indicative of extraterrestrial communication. In 1961,
Frank Drake devised an equation to address this question. Drake formu-
lated this equation while preparing for a SETI (Order of the Dolphin)
conference focused on the detection of radio signals. Although there is
no direct reference to this equation, one version of it can be found in
Papagiannis (1980), where the Drake equation is articulated as follows:

N:R*'fp'ne'fl'fi'fc‘Lv (1'2)
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where N is the number of civilizations in our galaxy with which com-
munication might be possible, R, is the average rate of star formation
(expressed in numbers of stars formed per unit time) in our Galaxy,
fp the fraction of stars that host planets, n. the average number of
stars hosting planets that can potentially support life, f| the fraction of
such planets that actually develops life at some point, f; the fraction of
planets with life where intelligent civilizations emerge, f. the fraction
of civilizations that develop a technology that releases detectable signs
of their existence into space, and L the length of time for which such
civilizations release detectable signals into space.

In Equation 1.2, the parameter N < 1 suggests that the probability
of us being alone in the Galaxy is high, indicating that we would need
to survey numerous galaxies to locate our closest radio-communicating
neighbors. Conversely, N > 1 implies the existence of numerous civi-
lizations with which we could potentially establish contact. However, it
is essential to note that depending on the assumptions made, the value
of N can vary significantly (e.g., Wilson, 2001).

Various modifications and refinements have been applied to the orig-
inal form of the Drake Equation to better guide searches for technosig-
natures. For instance, Frank and Sullivan (2016) constrained the Drake
Equation by incorporating observable quantities. Additionally, other
studies have utilized statistical methods to constrain the equation (e.g.,
Maccone, 2010; Glade et al., 2012; Lares et al., 2020; Smith, 2021).

In contrast, Haqq-Misra and Kopparapu (2017) explored the influ-
ence of the Drake Equation parameters on the spectral type of the host
star and the age of the Galaxy. Their analysis led them to conclude
that F and G spectral types represent optimal targets for contemporary
technosignature searches.

During an interview in 2013', Sara Seager introduced a different equa-
tion, similar in concept to the Drake equation, but different in term of
the input factors. This equation, now known as the Seager Equation,
aims to estimate the number of exoplanets with detectable signs of life.
The Seager Equation is formulated as follows:

N =N, fq-fuz- fo-fu-fs, (1.3)

where N represents the number of planets with detectable signs of life,
N, denotes the number of stars observed, fq stands for the fraction of
quiet stars (whose flare activity and other disruptions do not mask data),
fuz represents the fraction of stars with rocky planets in the habitable
zone, fo signifies the fraction of stars with observable planets, fi, denotes
the fraction of planets hosting life, and fs indicates the fraction of life

"https:/ /www.centauri-dreams.org/2013/09/11/astrobiology-enter-the-seager-
equation/
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forms that produce planetary atmospheres with one or more detectable
signature gases. As noted by Maccone (2015), mathematically speaking,
the Drake and the Seager Equations are equivalent, but with a different
scientific meaning.

1.2.3 Fermi-Hart paradox

Our Milky Way Galaxy harbors approximately ~ 10! stars. If we posit
that a fraction of these stars accommodates the conditions conducive to
the emergence of life, it becomes reasonable to believe that we are not
the sole planet to foster life. This probability escalates further when we
contemplate the potential for life in other galaxies. Indeed, Zackrisson
et al. (2016) suggests that there could be as many as ~ 10'® habitable
planets orbiting Solar-type stars within the observable Universe.

However, despite these vast numbers, the absence of contact with
other civilizations prompts Enrico Fermi’s famous question, “Where is
everyone?” (Jones, 1985). This apparent disparity between the abun-
dance of stars in our Galaxy and the absence of extraterrestrial evidence
is commonly known as “The Fermi Paradox,” named after Fermi’s ques-
tion.

This paradox has generated discussion throughout the history of SETT
and about the purpose of the research itself. Hart (1975) restated the
Fermi paradox, claiming that the colonization of the Galaxy by intel-
ligent species should be fast compared to the age of the Galaxy. Hart
(1975) concluded that we are the first species in the Galaxy, hence jus-
tifying the difficulties in detecting signs of extraterrestrial intelligence.
Because of this work, the Fermi paradox is often referred to as the
Fermi-Hart paradox.

Numerous authors have endeavored to elucidate this paradox by pre-
senting arguments for why we have yet to encounter or be contacted
by any extraterrestrial intelligence (ETT). Hart (1975) categorized these
arguments into four distinct categories:

e Physical: The distances are so vast in the Galaxy that extrater-
restrial civilizations have not been able to reach us;

e Sociological: This point considers arguments that state that
either ETTs are not interested in us, that they have already self-
destructed, or that they keep us isolated as a sort of natural
reserve;

e Temporal: They have not had time to reach us;

e They visited in the past, but we have not found any evidence
for this visit.
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Physical Arguments

Hart argued that interstellar probes seemed plausible in terms of tech-
nical feasibility at the time of his article. He foresaw that our tech-
nological advancement will put further strength behind this argument.
He concluded that the vast distances in the galaxy cannot correspond
to one of the reasons we have not encountered or been contacted by
extraterrestrial civilizations.

Sociological arguments

Sociological explanations often postulate typical behavior patterns of
alien species. These behaviors may include a lack of interest in travel
or communication, a desire not to interfere with our ecosystem, self-
destruction, a reluctance to admit immature species into their ranks,
achievement of a transcendent state, or transfer of consciousness into
computers.

Hart acknowledged that while some of these points may apply to
individual civilizations, it is inappropriate to assume they universally
apply to every alien species in the Galaxy. Moreover, he recognized that
civilizations evolve, suggesting that their perspectives on interstellar
communication may change over time.

Temporal Arguments

Assuming the age of the Galaxy to be 100 years, Hart argued that alien
civilizations would have had ample time to emerge and colonize other
planetary systems.

They have come, but we have not noticed them

Hart also stated that it is improbable for aliens to have visited the Solar
System without leaving discernible traces of their presence. He invoked
the monocultural fallacy to argue that if numerous extraterrestrial in-
telligences (ETIs) had traversed near the Solar System, it would be
erroneous to assume that none desired colonizing our planetary system.
Additionally, he contended that, given the timelines for the emergence
of civilizations and Galactic colonization, we should have been visited
multiple times throughout the history of the Solar System.

Rebuttals to Hart’s arguments

Several authors have demonstrated potential flaws in the arguments

used by Hart to argue for the non-existence of extraterrestrial civiliza-

tions. For example, Webb (2015) provides an overview of no less than

seventy-five potential proposed solutions to the Fermi-Hart paradox.
Additionally, Wright et al. (2014b) thoroughly re-studied Hart’s argu-

ments, agreeing with some perspectives while finding caveats to others.
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To begin with, Wright et al. (2014b) re-estimated some of the timescales
involved. They concluded that galactic colonization timescales are at
least one order of magnitude shorter than the ages of galaxies. Addi-
tionally, they found that rotational shear and thermal motions would
disperse colonies if the latter were clustered. They found the maximum
timescale for Galactic colonization to be on the order of a Galactic ro-
tation (10® yr). They showed that this fact would generate a smooth
distribution of alien civilizations across the Galaxy, and their technosig-
natures would distribute in the same way.

Wright et al. (2014b) were also very critical of Hart’s argument on the
possibility of ETT passing through the Solar System and not leaving any
evidence of their existence. Hart assumed that at least one visitor to
the Solar System would have stayed, arguing that if the Galaxy is filled
with ETIs, then they would have colonized us. Wright et al. (2014b)
claimed that it is much less fallacious to argue that none of the ETIs
that has happened to visit the Solar System has decided to colonize it.
Hart’s argument fails under the assumption that every ETI would have
effectuated interstellar travel and that they would have passed by our
Solar System if so.

1.2.4 Nine axes of merit

Formulating an efficient search strategy for technosignatures presents a
significant challenge, requiring careful consideration to ensure effective-
ness and balance. To address this challenge, NASA Technosignatures
Workshop Participants (2018) introduced a framework that was subse-
quently enhanced in Sheikh (2020) to aid in planning technosignature
detection strategies. This framework introduces the concept of the “nine
axes of merit,” providing a structured approach to evaluating a given
search strategy’s relative strengths and weaknesses.

The nine axes of merit are visually shown in Figure 1.2, and are
described as follows:

o Observing capability: This axis evaluates whether existing tech-
nological resources, such as telescopes, detectors, or databases,
suffice for the proposed technosignature search, or if new tech-
nologies are necessary.

e Cost: This factor encompasses financial expenses as well as
considerations like telescope time and computing resources re-
quired for the search.

¢ Ancillary benefits: This aspect considers whether the proposed
search offers valuable scientific outcomes even in the case where
no evidence of extraterrestrial intelligence is detected.
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Detectability: This criterion assesses how easily the technosig-
nature can be detected given current observational methods
and instruments.

Duration: Referring to the timescale over which a technosigna-
ture would remain detectable, this axis evaluates the longevity
of the signal.

Ambiguity: This point reflects the potential for confusion, indi-
cating how easily the observed signal could be mistaken for nat-
ural phenomena rather than evidence of extraterrestrial tech-
nology.

Extrapolation: This axis gauges the confidence in the existence
of a specific technology based on its resemblance to technologies
already understood and utilized on Earth, thus assessing how
advanced it is beyond current human capabilities.
Inevitability: This factor estimates the likelihood that a par-
ticular type of extraterrestrial technology produces detectable
technosignatures, based on the assumed distribution of such
technology in the universe.

Information: This axis measures the scientific insight gained
from detecting a technosignature, considering the depth of knowl-
edge it provides about potential extraterrestrial civilizations.
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Figure 1.2. A visual representation of the nine axis of merit. Image credit:
Sofia Sheikh https://github.com/sofsheikh/Axes-of-Merit.
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2. Radio and Optical/Laser SETI

In the hypothetical scenario of reaching out to our neighbors from a dis-
tant stellar system, transmitting electromagnetic signals into space for
communication purposes requires careful planning. We must also con-
sider the intended objective of the communication: are we simply signal-
ing our existence, or do we aim to convey a specific message encrypted
within the electromagnetic waves? Each approach requires thoughtful
consideration of the communication process and how we wish to convey
it.

A fundamental parameter in telecommunications planning is the free-
space loss, which denotes the attenuation of energy between the feed
points of two antennas. This loss is contingent upon factors such as the
antenna’s capture area and the path traversed by the wavelength. In
free space, the free-space loss (F'SL) is mathematically expressed as:

2

FSL d? (2.1)

where d represents the distance between the emitting antenna and
the receiver, and A signifies the wavelength of the emitted photons.

The free-space loss increases with the square of the distance (d) due
to the power density of electromagnetic waves diminishing in accordance
with the inverse square law. Conversely, it decreases with shorter wave-
lengths (\) since more electromagnetic waves of shorter length can be
accommodated by a receiver antenna.

Radio and optical wavelengths offer distinct advantages depending
on the intended purpose of our communication endeavors, and the free-
space loss offers a metric that helps us ponder which wavelength is
optimal if information content is relevant to a communication task. If we
consider the scenario where our neighbors initiate communication, radio
and optical /laser SETT emerge as natural fields aimed at capturing their
attempts to contact us. In the following sections, we delve deeper into
each approach, exploring their respective advantages and disadvantages
while also providing historical insight to enrich our understanding of
these fields.

2.1 Radio Overview

Section 1.1 already mentioned the foundational work of Cocconi and
Morrison (1959) in the field of SETI. Their pioneering paper argued
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Figure 2.1. Earth’s atmospheric opacity to various wavelengths of the electro-
magnetic spectrum. Image credit: NASA

that the ideal channel for extraterrestrial communication should mini-
mize interference from stellar and Galactic backgrounds, leading them
to advocate for the radio wave part of the electromagnetic spectrum.
Specifically, they proposed the 1.42 GHz line (21-cm) of neutral hy-
drogen, reasoning that it would be universally recognized by techno-
logically advanced civilizations. Moreover, the transparency of Earth’s
atmosphere to radio waves (as depicted in Figure 2.1) further solidified
radio SETT as a prominent avenue of inquiry.

Radio searches are particularly well-suited for scenarios where tight
directivity is not required. This is because the number of photons reach-
ing the receiver is maximized for low-energy photons in terms of power,
detector efficiency, and extinction. Therefore, isotropic sources are most
plausible in the radio regime, as each photon is relatively inexpensive,
and large apertures can be constructed at low cost, although with low
information content. This has positioned the radio region as the most
widely explored electromagnetic spectrum for the search for interstellar
communication signals up to date.

2.2 Laser/Optical Overview

After the publication of the foundational SETT article (Cocconi and
Morrison, 1959), the discovery of Light Amplification by Stimulated
Emission of Radiation (LASER; Maiman, 1960) and the proposal of in-
terstellar optical communication by Schwartz and Townes (1961) intro-
duced another dimension to SETI. Although laser and optical SETI are
often used interchangeably, these approaches encompass wavelengths
ranging from ultraviolet to near-infrared.
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Figure 2.2. Illustration exemplifying how laser communication works. L is the
distance between the Earth and the civilization willing to contact us. Image
credit: Rafael Vieira.

Communication in the optical regime seems to be a better choice (e.g.,
Zuckerman, 1985) when civilizations desire to transmit only as a highly
directional beam. Even though laser beams usually imply small aper-
tures, huge interstellar distances compensate for it since the area covered
follows A = 4726, where A is the area covered, r the distance between
the transmitter and the receiver, and 6 the beam aperture. Additionally,
if communication prioritizes the maximization of the amount of data
delivered, then shorter wavelengths are preferred (Hippke and Forgan,
2017) because of their reduced free-space loss (Equation 2.1). Figure 2.2
shows a simple illustration exemplifying how laser SETI would work.

Furthermore, other authors (e.g., Kingsley, 1993) advocate for opti-
cal SETI based on the premise that advanced civilizations would priori-
tize optimizing power over empty space, utilizing sophisticated signaling
techniques. Moreover, the feasibility of optical SETT is supported by
the notion that existing lasers and telescopes possess the capability to
transmit signals across vast distances (Howard et al., 2004).

2.3 Historical searches

Drake (1961) performed the first modern attempt to detect interstellar
radio transmissions. This project named “Project Ozma” searched for
21-cm transmissions of artificial origin from 7 ceti and e Eridani. After
this pioneering experiment, other searches for signals from the directions
of other stars began. We categorized these searches into two categories:
Pulses and narrowband emission lines. From the history of searches in
the radio vs. optical domain, one can tell the difference in the amount
of work devoted to the first type.
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2.3.1 Narrowband searches

After Project Ozma, numerous researchers continued scanning for trans-
missions near the 21-cm line (e.g., Verschuur, 1973; Horowitz et al.,
1986). However, besides the 21-cm line, several other special fre-
quencies drew the attention of SETI enthusiasts. Oliver (1973, 1979)
acknowledged the 18-cm (1.66 GHz) line, generated by the hydroxyl
radical (OH) and corresponds to one of the endpoints of an especially
radio-quiet band along with the 21-cm line produced by neutral hydro-
gen (H). This band is often referred to as the cosmic waterhole due
to the fact that H and OH are the components of the water molecule.
Tarter et al. (1980) conducted a search targeting this OH line around
nearby stars.

Additionally, Kardashev (1979) recognized the potential of searches
around 1.5-mm, in addition to the 18-cm and 21-cm lines. At 1.47 mm
lies the spectral line of the hyperfine ground-state transition of positron-
ium: an artificially created atom consistent of a proton and a positron.
Steffes and Deboer (1994) conducted a search for narrow-bandwidth
signals near this line around solar-type stars. Similarly, Mauersberger
et al. (1996) conducted a similar search among a few stars exhibiting
excess infrared radiation.

Technological advancements have significantly propelled the capabili-
ties of modern telescopes, enabling them to cover broad frequency bands
across much wider areas of the sky. This progress, as elaborated by
Enriquez et al. (2017) among others, has shifted the focus away from
narrow emission lines, marking a pivotal evolution in the methodologies
employed in the search for extraterrestrial intelligence.

In the branch of searches for monochromatic emission lines in the
optical, Reines and Marcy (2002) and Tellis and Marcy (2017) analyzed
high-resolution spectra of over 5000 stars of spectral type F, G, K, and
M in the wavelength region from 3600 to 9500 A, while Marcy (2021)
searched for laser lines of artificial origin from Proxima Centauri, the
closest star from Earth.

Regarding the optimal region to seek optical lines, Narusawa et al.
(2018) proposes, from an engineering perspective, that most effective
transmitters should emit at wavelengths of 393.8 nm, 656.5 nm (Ha),
589.1 nm (NaD2), 1064 nm (Nd:YAG), and 532.1 nm (Nd:YAG second
harmonic). On the other hand, Hippke (2018) thoroughly investigated
the extinction in space, atmospheric transparency, scintillation, and
noise conditions for these laser lines. Hippke (2018) advises filtering
towards these wavelengths using very narrow filters, and moreover to
focus on optical wavelengths for stars out to a distance of 1 kpc only,
whereas infrared wavelengths would be more appropriate for more dis-
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tant stars. He further discouraged using the 393.8 nm line due to the
close proximity of the CaK Fraunhofer line at 393.368 nm.

2.3.2 Pulses

The foundation of modern American SETT owes much to the pioneering
work of Cocconi and Morrison (1959) and Drake (1961). Nonetheless,
the Soviet Union quickly embarked on its own exploratory journey, mo-
tivated by the influential study of Kardashev (1964). This led to a
succession of investigative efforts within the Soviet domain. Diverging
from their American peers, Soviet scientists embraced an innovative
method, focusing on the detection of variability and pulses to discern
an artificial origin, a technique highlighted in the works of Sholomitsky
(1965), Troitskii et al. (1973), and Troitskii et al. (1979).

Despite the subsequent discovery of radio variability in quasars di-
minishing the appeal of radio variability for SETT pursuits, these Soviet-
led inquiries significantly advanced the comprehension of such celestial
bodies.

On the side of optical pulses, Howard et al. (2004), Hanna et al.
(2009), and Abeysekara et al. (2016) delved into the examination of op-
tical signals from diverse stellar sources, on the lookout for artificially
induced pulses. Although these rigorous searches did not unveil any ex-
traterrestrial signals, the observations made, especially those by Howard
et al. (2004) regarding pulse-emitting sources devoid of any repetitive
patterns, are noteworthy. These occurrences were ascribed to the ran-
dom fluctuations inherent in background processes.

2.3.3 Large projects

In the initial years, SETI was characterized by limited-scale investiga-

tions and intermittent financial support. Yet, as SETI gained global

recognition, it paved the way for the development of ambitious projects

with the goal of discovering signs of extraterrestrial life. In the following

list, we briefly summarize some of these projects.

o SERENDIP: Search for Extraterrestrial Radio Emissions from Nearby
Developed Intelligent Populations (SERENDIP) was a project launched
in 1979 by the Berkeley SETI Research center (Bowyer et al., 1983).
It focused on detecting stable narrowband spectral signals in the radio
frequency spectrum that could be attributed to an alien civilization.
Six versions of this project have taken place, each one being an up-
grade of the previous version. The latest version, SERENDIP VI
(Archer et al., 2016), has been installed in various telescopes world-
wide, and its real-time multi-beam SETI spectrometer has provided
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a data stream that keeps being utilized until recent days (e.g. Zhang
et al., 2020; Wang et al., 2023).

The Phoenix Project: Originally conceived as the NASA High-
Resolution Microwave Survey (HRMS: Tarter and Gulkis, 1993), this
initiative faced early termination after one year of its start (see Ta-
ble 1.1). Nevertheless, it was revitalized through private contribu-
tions. The Phoenix Project covered around two billion channels for
narrowband emissions within the 1.2 to 3.0 GHz frequency range,
targeting approximately 800 stars within a 60 parsec radius. Despite
the broad scope of this search, no signals of interest for further in-
vestigation were detected (Backus and Project Phoenix Team, 2002,
2004).

Breakthrough listen: Breakthrough Listen! is the most compre-
hensive search for alien communications to date. It conducts searches
across both radio and optical regimes. The project commenced in
January 2016, with plans to span a decade. A notable milestone in
2016 was including the Five-hundred-meter Aperture Spherical Tele-
scope (FAST) into the Breakthrough Listen framework. Situated in
China, FAST is the world’s largest single-dish radio telescope that be-
came fully operational by 2020. One example of the SERENDIP VI
real-time multi-beam SETI spectrometer is installed in this telescope.

2.4 The nine axes of merit for optical /radio

searches

Both radio and optical approaches share the same philosophy: search-
ing for artificially generated electromagnetic signals, whether they are
anomalous pulses or exotic emission lines. Therefore, they have the same
ranking in the nine-axes-of-merit framework that evaluates how favor-
able a method is based on the axes described in Section 1.2.4. Figure 2.3
illustrates how Radio/Optical searches fare within this framework.

Observing Capability and Cost: Positively rated because these searches
leverage existing astronomical instruments.

Ancillary Benefits: Rated negatively, as these methods focus on parts
of the parameter space that do not coincide with phenomena known
in astrophysics.

Detectability: The likelihood of detecting these signals is highly de-
pendent on the distance from their source.

Duration: Viewed negatively due to the continuous energy source
requirement for signal transmission, which inherently restricts their
potential duration.

"https://breakthroughinitiatives.org/
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Figure 2.3. The nine axes of merit for radio/optical technosignatures (Sheikh,
2020). Image credit: Sofia Sheikh https://github.com/sofsheikh/Axes-of-Merit

e Ambiguity: Rated positively. Signals meant for communication are
expected to be clearly distinguishable from natural cosmic sources,
reducing confusion.

o Extrapolation: Positively assessed, as prior investigations into nearby
targets have set upper bounds on the power of potential transmitters.
These limits are comparable to the output of Earth’s most potent
radio transmitters.

o Inevitability: Rated negatively because the act of sending intentional
signals presupposes a certain level of sociological intent or behavior.

o Information: Viewed positively, under the assumption of intention-
ality behind the signals, suggesting they would contain some form of
decodable information.

29



3. Artificial megastructures

In the early 1960s, Dyson (1960) introduced a novel concept for de-
tecting extraterrestrial civilizations. He postulated that technologically
advanced societies would eventually outgrow their planetary energy re-
sources and begin harnessing the energy of their host star. Given that
technological evolution progresses much faster than the lifespan of stars,
Dyson reasoned that such civilizations might construct massive infras-
tructures later coined as “Dyson spheres” to capture stellar energy.
These megastructures would emit infrared radiation, commonly referred
to as “waste heat,” making them detectable from Earth.

The idea of Dyson spheres sparked further speculation and research
into possible megastructures created by civilizations of Kardashev Types
II and III, indicating an advanced level of technological capability to ma-
nipulate energy on a stellar or even galactic scale, but also regarding
the purposes of building specific structures. For example, if we con-
sider that the Universe is full of hazards that threaten life everywhere,
such as the radiation emitted by supernovae or encounters with diffuse
matter clouds, any civilization would be in potential danger. Because
of this, “stellar engines” (Shkadov, 1988; Badescu and Cathcart, 2000),
megastructures whose purpose is to alter the star’s movement in the
Galaxy, have been proposed as a possibility to escape from these haz-
ards (Kingsley, 1993).

3.1 Stellar engines

One of the pioneering concepts of a stellar engine was introduced by
Shkadov (1988). Shkadov envisioned a parabolic mirror that would
capture and reflect sunlight back toward the Sun. This reflection would
create an asymmetric distribution of solar radiation pressure, exerting
a net force on the Sun towards the direction of the mirror. Importantly,
this system is designed to maintain its position relative to the Sun, as
the forces of gravity and radiation pressure counterbalance each other.

At the beginning of the millennium, Badescu and Cathcart (2000)
built upon the idea of a Dyson sphere, expanding its utility from an
energy-capturing structure to a stellar engine capable of propelling a
star. This concept took advantage of the idea developed by Shkadov
(1988), and involves strategically placing a large mirror on a portion of
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Figure 3.1. Artistic representation of a Shkadov thruster. Image credit: Rafael
Vieira.

the Dyson sphere’s surface. The key to this design is the creation of
non-uniform reflections of stellar radiation by the mirror, which in turn
generates thrust. This thrust is directed in such a manner as to move
the central star, effectively turning the entire Dyson sphere and its star
into a controllable propulsion system.

Further investigation into the stellar engines by Caplan (2019) re-
vealed that the propulsion generated by these mechanisms would result
in accelerations around ~ 10712 m/s? for stars comparable to the Sun.
This level of acceleration might not be sufficient to circumvent immi-
nent cosmic threats, such as the destructive force of nearby supernovae.
In response, Caplan (2019) proposed a more powerful alternative: The
Caplan thruster. This advanced engine would operate by harvesting
hydrogen and helium from the stellar wind to fuel nuclear fusion reac-
tions in order to create a propulsion jet. This machinery could produce
accelerations around ~ 1072 m/s?. Figure 3.1 features a conceptual
visualization of a Shkadov thruster.

3.2 Dyson spheres

Based on his innovative concept of artificial megastructures, Dyson
(1960) further speculated that these structures would absorb stellar radi-
ation, to then subsequently re-emit this energy as black-body radiation
within the 200 — 300 K temperature range, primarily in the infrared
spectrum. Dyson postulated that stars embedded by such structures
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would appear as distinctive infrared beacons. Additionally, Dyson es-
timated that constructing such an expansive artificial habitat could be
achieved within a few millennia, drawing parallels with the resources of
our Solar System. He theorized that the requisite materials could be
acquired by dismantling planets, and suggested that a mass equivalent
to that of Jupiter -— approximately 2 x 10?7 kg — would be adequate
for the construction of these monumental structures.

Maddox et al. (1960) critiqued the concept of a monolithic Dyson
sphere by highlighting its inherent instability. According to Gauss’s law,
a perfectly spherical shell around a star would experience no net grav-
itational attraction. Yet, any deviation from perfect symmetry would
lead to the structure’s collapse into the star. Following this argument,
Wright (2020) tested the role of radiation pressure, showing that in
the unrealistic scenario of a perfect isotropic radiator, no net force is
exerted on the sphere, but still small deviations from perfect isotropy
would doom the fate of the monolithic structure, e.g., from stellar winds.

The vision of Dyson spheres has evolved to include diverse inter-
pretations of their potential configurations. Some researchers, such as
Suffern (1977) and Badescu (1995), imagined these structures as hab-
itable biospheres, while others focused on optimizing their ability for
energy capture and its use.

Modern visions of Dyson spheres picture them not as singular ab-
sorbing elements but as large collections of individual panels. These
panels could be assembled incrementally to form a “Dyson Bubble” —
a stationary configuration relative to the star, stabilized by radiation
pressure against gravitational pull. Such an arrangement would prevent
the panels from colliding or casting shadows on each other, allowing
for adjustable distances from the star. Alternatively, a “Dyson Swarm”
comprises panels in dense orbital formation around the star, represent-
ing the modern interpretation of a Dyson sphere. This configuration
is illustrated in Figure 3.2, which depicts a monolithic shell, a Dyson
bubble, and a Dyson swarm.

Armstrong and Sandberg (2013) provided an analysis of how one
might conceivably construct a Dyson swarm within the Solar System, by
dismantling Mercury to provide the required material. Their rationale
includes Mercury’s abundant resources for panel production, its low
surface gravity which would facilitate panel launch, and the feasibility
of disassembling the planet within approximately 32 years.

3.2.1 The thermodynamics of Dyson spheres

Many articles on Dyson spheres arose after Dyson (1960)’s seminal work.
However, just a few of them studied the thermodynamics of Dyson

32



Figure 3.2. Representation of some of the schemes proposed for a Dyson sphere.
From left to right, we have a Dyson shell, a Dyson bubble, and a Dyson swarm.
Image credit: Rafael Vieira.

spheres. In this subsection, we review some of the thermodynamics
considered in the function of Dyson spheres.

Dyson spheres embedded in thermal baths

In order to estimate the optimum radius of a Dyson sphere, Badescu
(1995) studied the thermodynamics of Dyson spheres. He considered
two engines as the process by which Dyson spheres could work, the
Carnot engine (Carnot, 1960), and the Chambadal-Novikov-Curzon—-
Ahlborn (CNCA) engine (Novikov, 1958; Curzon and Ahlborn, 1975;
De Vos, 1985). The Carnot engine produces work W through cycles of
heating and cooling gas in a piston by alternately making contact with
two thermal baths, one at a higher temperature (T ) and the other at
a lower temperature (T¢). This process, involving isothermal expansion
(when the gas exchanges heat with the thermal baths) and adiabatic
expansion/contraction (when the gas changes volume without heat ex-
change), serves as a theoretical benchmark for the highest efficiency
possible for heat engines, which is given by Equation 3.1,

TICarnot = 1—— (31)

where 7camot 18 the efficiency of the Carnot engine, T the temperature
of the cold bath, and Ty the temperature of the hot thermal bath.

On the other hand, the Chambadal-Novikov—Curzon—Ahlborn en-
gine accounts for more real-world factors like thermal conductivity and
temperature gradients, considering the addition of the heat flow in the
computation of the efficiency. The heat flow between the thermal baths
and the gas piston is Q = k(Tg)c — Tg), where Q is the heat flow, k is
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the heat conductivity, and T the temperature of the gas. In the case
of a Dyson sphere considered as a Carnot or CNCA engine, T = T,
the temperature of the Dyson sphere, the one that shapes the spectral
energy distribution that we could observe, and Ty = Tj is the back-
ground or “sky” temperature. By taking into account the heat flow, the
efficiency (e.g., Curzon and Ahlborn, 1975) of the engine becomes

Ic
nenea = 1 — Ty~ 1 — /1 — 1Carmot- (3.2)

By considering both engines, Badescu (1995) determined the mini-
mum radii for Dyson spheres at which they would be able to produce
work that can be utilized. Remarkably, the minimum radius is the same
for both the Carnot and the Chambadal-Novikov—Curzon—Ahlborn en-
gines, which is

(1 60)2

Tmin = 2 R*, (33)
00

where 7,;, is the minimum Dyson sphere radius, R, is the radius of the
star, and 6 is equal to the ratio Tp/T, where T} is the temperature of
the star. Figure 3.3 illustrates the behavior of Equation 3.3 using the
Solar System as a reference with 7, = 5760 K, and R, = 4.65- 1073
AU. Notice that if we increase the size of the structure, then T de-
creases, and the efficiency increases (for both engines introduced in this
section). Nevertheless, the amount of material required to build the
structure quickly increases (proportional to 72), an inconvenience that
has also been noted by other works (e.g., Lacki, 2016). By consid-
ering this fact, Badescu (1995) recommends building spheres slightly
bigger than 7y;,. Finally, Badescu (1995) provides the Carnot and the
Chambadal-Novikov—Curzon—Ahlborn efficiencies as a function of the
temperatures involved in the thermodynamic processes behind Dyson
spheres. Equations 3.4 and 3.5 represent the Carnot and the CNCA
efficiency as a function of Ty, 7)., and Tk:

"Carnot = (1 - <;}j>4) (1 - g:;) (3.4)
TICNCA = <1 - <§2>4> (1 - ;:;) . (3.5)

Harvesting thermal radiation
Although considering a Dyson sphere as a Carnot or a Chambadal—
Novikov—Curzon—Ahlborn engine provides useful insight into the con-

and
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Figure 8.8. Minimum possible radius for a Dyson sphere 7y, as a function of
the background temperature Tj.

siderations one should have when building one, various authors (Bade-
scu, 2014; Buddhiraju et al., 2018; Wright, 2020, 2023) have noted that
the harvesting of energy from an infinite heat capacity thermal bath at
fixed temperature differs from energy harvesting from thermal radia-
tion, since in the latter case, the entropy of the input radiation must be
taken into account. For radiation, the energy flux is

F =0T, (3.6)

and the entropy per time per surface area escaping from a blackbody is
4 .

5= g<7T5. (3.7)

In these equations F' is the energy flux, § is the entropy per time per sur-
face area, o is the Stefan-Boltzmann constant, and T is the blackbody
temperature of the radiation.

In order to provide an insight into how the entropy flux changes
in the Badescu (1995) analysis, we adopt the formalism developed by
Landsberg and Tonge (1980) that was later applied specifically to Dyson
spheres by Wright (2023). The reader might refer to Wright (2023) for
a more detailed explanation of the thermodynamics of Dyson spheres.
The rest of this section will be devoted to summarize and explain the
key aspects of the Landsberg formalism as applied to Dyson spheres.

First of all, when considering converting radiation into work, the
Landsberg formalism uses six parameters to describe the thermody-
namic process governing work extraction from radiation. These pa-
rameters are the following:

o Energy flux into the system Ei,
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« Entropy flux into the system S,
o Energy flux out of the system FE,u
« Entropy flux out of the system Sou
o Heat flux of the system into the environment Q
e The system’s work rate W. This parameter has no associated
corresponding entropy flux.
Additionally, the mechanism itself has four properties associated with
its inner ongoing processes:
« E, the internal energy rate change
« S, the internal entropy rate change
e T, the temperature on the boundaries of the machine
. Sg the rate of entropy generated by the machine
From balance equations, the abovelisted parameters are related as
follows:
Eouw = By — F — Q - Wa (38)

and . . . . .
St = S — S — Q/T + S, (3.9)

Wright (2023) highlighted essential considerations for applying the
Landsberg formalism to Dyson spheres. First, Dyson spheres only cap-
ture radiation from a constrained range of solid angles, especially when
conceptualized as a swarm. Moreover, it is crucial that Dyson spheres
expel energy exclusively outward to avoid altering the energy balance
of the star (Wright, 2020; Huston and Wright, 2021) or causing internal
issues within the Dyson sphere itself. This directional control of energy
discharge is facilitated by using circulators, devices engineered to en-
sure that energy exits through a port subsequent to the one it entered.
Wright (2020) also emphasized that Dyson spheres are required to ra-
diate most accumulated energy outward. Accumulating vast amounts
of energy could lead to the structures becoming chemically and gravi-
tationally unbound, posing a risk to the stability and integrity of the
structure and the civilization.

In this application of the Landberg formalism, it is assumed that a
Dyson sphere consists of an extensive array of satellites. Each satellite
can be visualized as a flat “solar panel” oriented towards the star for
energy collection, complemented by a radiator positioned to dissipate
heat away from it. The swarm is modeled as being in a thin sphere
around the star at a radius R. Stars are modeled to emit radiation as
simple blackbodies, characterized by a temperature 7T, and a luminosity
L = 47 R20T?, where R, is the radius of the star.

If steady state and global energy conservation are assumed, some of
the values listed above become:

Q =0, (3.10)
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E=0, (3.11)
S =0, (3.12)
Ein = ‘out + W (313)

Notice that @ is null because there is no ambient environment to share
heat with, except deep space, which is already considered in Fgy and
Sout. Additionally, in the context of analyzing structures that may not
always conform to spherical geometries, Wright (2023) recommends in-
terpreting terms like F in units of energy per time, rather than flux,
and that area should be explicitly incorporated into the analysis to
avoid confusion in any calculation.

Figure 3.4 illustrates how the input and output parameters flow in
the Landsberg formalism, as well as the theoretical values associated
with some components. As explained in the above paragraphs, we can
relate various energy and entropy fluxes to the parameters of the central
star and the Dyson sphere:

Ey = 4nR%0 T2, (3.14)
S = 4nR§§an, (3.15)
Eou = 41R%*0T?, (3.16)
Sout = 47TR2§JT3. (3.17)

Within the framework of the Landsberg schema, the factor W, repre-
sents the work rate, and its numerical definition varies based on the spe-
cific activity under consideration. Wright (2023) considers three main
scenarios: activities involving computation only, dissipative activities,
and work that leaves the sphere.

Computations
In activities considering computations, the work generated by the struc-
ture does not leave the Dyson sphere, and it is used by the structure
itself to perform calculations. Since everything stays in the sphere, this
implies W = 0. Waste heat leaves the structure, but it is already ac-
counted for in E,,; and S,,. The balance equation in the steady state
then implies, . ‘

By, = Eg, (3.18)

which allows us to determine the temperature of the Dyson sphere (as-
sociated with the waste heat),

R,
T=\/FT. (3.19)
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Figure 3.4. Schematic image reproduced from Wright (2023) showing energy
and entropy flow inputs and outputs in a radiation work extraction, reproduced
with permission. Green parameters depict all components that vanish in a
steady state. CC BY-SA 4.0.

where R is the distance from the center of the star to the Dyson sphere,
and T, and R,) are the temperature and radius of the central star,
respectively.

Given the significance of entropy generation in the Landsberg for-
malism, the Landauer limit (Landauer, 1961) is an essential concept for
quantifying the entropy produced. The Landauer principle postulates
that the minimum amount of energy dissipated during a single binary
operation is k7'In 2, where k is the Boltzmann constant, 7" is the tem-
perature at which the operation is performed, and In2 is a factor that
arises from the binary nature of the operation. This theoretical limit has
been validated through experimental evidence (Berut et al., 2012; Jun
et al., 2014) and is the consequence that each binary logical operation
generates entropy S = kln 2.

If we define r as the number of computations performed by the struc-
ture, then the entropy flow generated by the machine can be obtained
by using the balance equation and applying the Landauer limit,

Sy = Sout — Sin = rkT In 2, (3.20)

where T is the temperature associated with the Dyson sphere. Then,
we can apply Equations 3.15 and 3.17 to find the number of calculations
performed,

4
r= 3 NCarnot - (3.21)

kT 1n?2 T.| = 3kTIn2

LlT 4 L
T
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Figure 8.5. Thermodynamic schema for a Dyson sphere performing pure com-
putation. Image adapted from Wright (2023). CC BY-SA 4.0.

The formulation obtained for r suggests that the Dyson sphere oper-
ates with Carnot efficiency when extracting work, which is then utilized
to perform computations at the cost of (3/4) - kT In2 per calculation.
In Figure 3.5, the flow of parameters within a Dyson sphere dedicated
solely to computational work is illustrated, providing a visual represen-
tation of how energy and entropy interact in the context of a Dyson
sphere’s operation as a computational entity.

Dissipative activites

Dissipative activities encompass a broad range of actions that ultimately
result in dissipation in the form of heat. Essentially, this category in-
cludes any activity where the energy used by devices or biological mech-
anisms is converted into heat as a byproduct of their operation. In this
case, W is also null since no work leaves the Dyson sphere. To under-
stand how the Landsberg formalism applies to this scenario, the most
convenient way to do such analysis is by breaking the system into two
parts: a work extractor that generates Wiyterna1 and the engine, which is
the part that makes use of this work, and eventually dissipates as heat.
Since the system has been split into two parts, their associated energy
and entropy flows do as well. We use the subscript 1 to denote quan-
tities related to the work extractor and the subscript 2 for the engine.
If we assume the work extractor works at maximum efficiency, then it
does not produce entropy (Sg@mactor = 0), and the balance equations
become,

Ein = .out,l + Eout,Q = L, (322)

and . .
Si = Sout,l- (323)

Additionally, an extra factor f is introduced to account for the frac-
tion of the surface of the Dyson sphere that is being dedicated to passing
along the entropy received by the extractor that was originally entropy
from the star. Concurrently, the resulting work goes to the engine that
eventually radiates the energy away using the remaining factor (1 — f).
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Figure 8.6. Thermodynamic schema for a Dyson sphere performing dissipative
work. In this case, the system is broken into two parts: the work extractor and
the engine. Image adapted from Wright (2023). CC BY-SA 4.0.

Figure 3.6 illustrates the thermodynamic processes undergoing dissipa-
tive activities and shows how the energy and entropy flows are affected
by breaking the system into two parts, which is accounted for in the f
factor.

Then, Equations 3.22 and 3.23 can be used to solve for f, T, to obtain
the value of the internal work rate I/Vintemal, which is critical for assessing
the efficiency of the work extractor within the Dyson sphere system,

R,
T =\/=2T,, 3.24
= (3.24)

T
=g (3.25)
Winternal = B — Eour,t = (1 — f)L, (3.26)
therefore, '
= Wiernat _y _ T (3.27)

E T’

which corresponds to the Carnot efficiency.

Work that leaves the sphere

In scenarios where the primary function of the Dyson sphere is to per-
form work that exits the system, such as emitting radio waves for com-
munication purposes, the thermodynamic framework undergoes a slight
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Figure 8.7. Thermodynamic schema for a Dyson sphere performing work that
leaves the system. There is no engine since all work leaves the work extractor.
Image adapted from Wright (2023). CC BY-SA 4.0.

adjustment. While the underlying thermodynamic principles remain
consistent with the previous system, the configuration changes due to
the absence of an internal engine and the adoption of f = 1. This setup
implies that all the work the sphere does, denoted as W, is directed out-
wards, leaving no portion of the energy to be re-utilized or stored within
the system. Figure 3.7 visually represents this process, illustrating how
the Dyson sphere channels its energy output externally to achieve its
intended purpose, e.g., interstellar communication. Following the same
reasoning as before and by considering f = 1, we obtain,

T = (R*> % T, (3.28)

R
. T
=L|1—— 2

W=z (1), (329)
which yields again the Carnot efficiency,
T

=1— —. .
n=1- 7 (3:30)

Since the temperature dependence with radius is different in this case,
and since /= < 22/3 if > 1, then the temperature of the Dyson sphere
is lower, therefore more efficient than the dissipative case.

Considering a swarm

If we consider a Dyson sphere as an incomplete swarm located at a dis-
tance that spans a large range of distances, then many of the factors
derived in the previous sections must be scaled to account for the re-
duced number of absorbing units and for the shadowing between the
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units. If we assume that the total cross-sectional area of the swarm is
A (< 47R?). In the ideal case, the elements of the swarm will never
shadow each other, and as their number increases, they will need to
make elaborate maneuvers to avoid this. If we assume that panels reg-
ularly block each others’ views, then we might expect this to result in
the swarm having an optical depth

A
T 4R
Therefore, the total energy collected will be multiplied by a factor

(1 —¢7), and many parameters must be scaled to account for that. The
efficiency in this scenario becomes

(3.31)

n=(1-e7) [1 - ;;] : (3.32)

The number of computations is also affected

4 L

r= §W(l —eT) [1 - T] (3.33)

T

In summary, the thermodynamics of Dyson spheres might seem sim-
ple, but there are many assumptions that make it so by design. More
realistic assumptions could affect the usage of the Landsberg formalism
that, in the end, yielded Carnot efficiencies. There are some consid-
erations that could improve the performance of the Dyson sphere and
avoid unbalancing the stellar structure via feedback, such as the use of
optical circulators. Activities might also be done directly with photons,
avoiding the need to run heat engines between intermediate absorbers
heated and cooled by radiation, wasting energy during the extraction
process. In the case that Dyson spheres are composed of swarms cap-
turing most of the star’s light, they likely have optical depths that must
be considered.

3.2.2 Simple Dyson sphere models

As mentioned earlier, when discussing a Dyson sphere, we visualize it as
a swarm of panels orbiting a star. To identify potential Dyson spheres,
it is crucial to understand their expected behavior. For this purpose,
we adopt the simplified assumption that Dyson spheres can be modeled
as blackbodies, also provided in Paper I, meaning their spectra follows
the Planck’s law,

(3.34)

42



where B) is the spectral radiance as a function of the wavelength A,
h is the Planck constant, c is the speed of light, kg is the Boltzmann
constant, and 7' is the temperature of the blackbody. By assuming that
a Dyson sphere emits as a blackbody, its spectrum depends only on its
temperature.

However, in order to compare how predominant the radiation from
the Dyson sphere is relative to its host star, we need the luminosity of
the Dyson sphere (DS) so that the spectrum can be scaled. So, the
luminosity of the Dyson sphere (Lpg) becomes another free parameter
we must consider when creating models. Therefore, we then define a
more convenient parameter, which is the covering factor (), the fraction
of the luminosity of the star that is being re-radiated by the Dyson
sphere, that is to say

_ Lps

=7
where gamma is the fraction of re-emitted energy, Lpg is the bolomet-
ric luminosity of the Dyson sphere, and L, is the intrinsic bolometric
luminosity of the star. For fully complete Dyson spheres v = 1, and for
partial Dyson spheres v can take values between 0 and 1. The v factor
represents the fraction of the stellar radiation that the Dyson sphere is
re-emitting. In the case of an isotropically radiating Dyson sphere, v also
represents the fractional solid angle of outgoing radiation intercepted by
the Dyson sphere (the covering factor) or the level of completion of the
Dyson sphere. The Dyson swarm and the Dyson Bubble in Figure 3.2
represent examples of a Dyson sphere with 0 < v < 1.

We know from Equation 3.35 that the luminosity of a Dyson sphere
can be expressed in terms of the covering factor and the luminosity of
the host star. However, since Dyson spheres are treated as blackbodies,
their luminosity can be derived by using the Stefan-Boltzmann law given
by

(3.35)

Lps =7 4nR3s 0Tk, (3.36)

where Lpg is the luminosity of the Dyson sphere, Rpg is its radius,
Tpg is its temperature, and v is the covering factor. When referring to
partial Dyson spheres, their blackbody emission becomes a fraction of
the complete version, hence the v factor in the Equation. Since we have
two expressions for the luminosity of a Dyson sphere, we can use both to
find the dependency of the Dyson sphere parameters and the host stellar
parameters. By comparing Equations 3.35 and 3.36 and assuming that
a star emits as a black-body as well, we end up with

_ 74mREgo Ty

T TirR20TH (3.37)
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which turns into

T, \° | R,
Rps === R, Tps = T.. 3.38
DS < TDS) < 1ps Rps ( )

Equation 3.38 provides the dependency between the radius of a Dyson
sphere (Rpg), its temperature (Tpg) and the stellar radius (R,) and
temperature (7). As an example, if we were to build a Dyson sphere
in the Solar System at 1 AU, its temperature would be Tpg =~ 390 K.
Likewise, if we wish to build a Dyson sphere that has a temperature of
600 K, we should locate it ~ 0.43 AU from the Sun. Notice that Tpg
corresponds to the same value derived in Section 3.2.1 when using the
Landberg formalism to determine the temperature of the Dyson sphere
when computations and dissipative activities are considered.

Dyson spheres are also treated as grey absorbers, i.e., the radiation
of host star is equally dimmed at every wavelength. Since they block
a 7 factor of the star, only a factor (1 - «) is allowed to escape. The
luminosity of the star as seen from us is modified as

Lyots = (1 =) Lpox  and  Lyy — (1 — )Ly (3.39)

If we consider the characteristics of a Dyson sphere, including its
temperature (Tpg), the degree to which it obscures the host star and its
luminosity (both associated to 7), we can model the spectrum of stars
that hypothetically host Dyson spheres with parameters Tpg and . The
aggregate spectrum of this system is the sum of the spectral contribu-
tions from each component. While the intrinsic shape of the spectral
energy distribution of the star remains intact, its specific luminosity is
diminished by a factor of 1 - v due to the assumption of a gray absorber.
Given that the spectrum of the Dyson sphere is treated as blackbody
radiation at a specified effective temperature, the specific luminosity of
the combined system can be expressed as:

L, = (1 =) Lyx +vBB,(Tps, Lps), (3.40)

where L, is the specific luminosity of the combined DS+star system,
L, is the specific luminosity of the star before being obscured, v is
the covering factor, Lpg is the bolometric luminosity of the DS, Tpg is
the temperature of the DS, and BB, (T, L) is the specific luminosity for
a blackbody-like source with a given temperature (7) and bolometric
luminosity (L). Notice that this model is independent of the complex
thermodynamics governing the energy harvest presented in Section 3.2.1
as we are considering Thg as a free parameter, which would be equivalent
to T from Figure 3.4.

From Equation 3.40, we are equipped to model the spectral energy
distribution of any star hosting a Dyson sphere with fixed parameters
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(Tps,y). This method enables the investigation of different theoretical
configurations of Dyson spheres and their observable effects on stel-
lar photometry and spectroscopy. By comparing these models to actual
survey data, we can effectively search for and potentially identify candi-
dates that exhibit characteristics consistent with the presence of Dyson
spheres.

Figure 3.8 presents some illustrative examples of how the photometry
of a Sun-like blackbody spectrum (Tg = 5778 K and L, = 1 Lg) is
altered in the presence of a Dyson sphere, under various assumptions
concerning the Dyson sphere temperature and covering factor. In both
panels, the spectrum of a Sun-like blackbody is depicted for comparison.
The top panel illustrates changes in the combined spectrum resulting
from a Dyson sphere with a constant temperature of 300 K and varying
covering factors of v = 0.1, 0.5, and 0.9. The presence of the Dyson
sphere is marked by an enhancement in the mid-infrared region and a
reduction in the luminosity of the stellar component, with the extent
of both effects contingent on the covering factor of the sphere. This
reduction is most noticeable in the optical and near-infrared ranges.

In the bottom panel, variations in the spectrum are shown for Dyson
sphere models with a consistent covering factor of 0.5 and Dyson sphere
temperatures of 100, 300, and 600 K. The aforementioned characteristics—
a decrease in stellar flux and an increase in mid-infrared emission—are
observed. With different Dyson sphere temperatures considered, the
peak of the mid-infrared blackbody shifts in wavelength according to
the Dyson sphere temperature. Nonetheless, within the selected tem-
perature spectrum, the infrared excess remains within the observable
wavelength range of the WISE mission, demonstrating how the charac-
teristics of Dyson Spheres might be detected and analyzed using cur-
rent astronomical survey data. Notice that these are the models that
we apply in our upper limits estimation (Chapter 5) and the search for
anomalous infrared sources (Chapter 6).

3.2.3 Dyson sphere searches

Although the concept of Dyson spheres was introduced in 1960, the
absence of infrared space surveys limited any opportunity to search for
such structures at that time.

It was not until twenty-five years later that the first search for Dyson
spheres was reported, facilitated by the launch of the Infrared Astro-
nomical Satellite (IRAS: Neugebauer et al., 1984). As the first space
telescope to survey the sky at infrared wavelengths, IRAS significantly
advanced our capability to search for Dyson spheres. Initial investiga-
tions focused on sources within the Milky Way but eventually expanded
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Figure 8.8. Modified Sun-like blackbody photometry due to the presence of
Dyson spheres with various characteristics. In both panels, the black solid line
represents the unmodified blackbody (Twy = 5778 K, Ly, = 1 Lg). In the top
panel, DS models with a temperature of 7' = 300 K and covering factors of 0.1,
0.5, and 0.9 are depicted with grey solid, dashed, and dotted lines, respectively.
In the bottom panel, DS models with a covering factor of 0.5 and temperatures
of 100, 300, and 600 K are depicted with grey dotted, dashed, and solid lines,
respectively. The colored bands represent the wavelength intervals relevant to
the Gaia, 2MASS, and WISE missions. Adapted from Paper II.
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to include extragalactic sources, i.e., Kardashev Type III civilizations.
The following sections summarize these exploratory efforts, detailing the
searches conducted at both galactic and extragalactic distances.

Galactic searches

Slysh (1985) initiated the first search for Dyson spheres using IRAS
data, identifying five infrared sources with temperatures consistent with
blackbodies between 200 - 350 K. Slysh noted that these sources could be
confused with circumstellar dust shells around red giants, and suggested
that additional data would be necessary to eliminate false positives.

A decade and a half later, Timofeev et al. (2000) undertook another
search, analyzing the 3000 brightest IRAS sources. They observed that
most sources fitted temperatures near 110 and 280 K, with 110 K sources
predominantly in the galactic plane and 280 K sources more dispersed
but not exclusively outside the galactic plane. They echoed Slysh’s
caution regarding the potential confusion with circumstellar dust shells
around red giants, and recommending further observations for clarifica-
tion.

Simultaneously, Jugaku et al. (1995), Jugaku and Nishimura (1997),
and Jugaku and Nishimura (2000) adopted a different approach, using
the K — [12] color to identify mid-infrared excesses in candidates. They
sourced K data from the Catalog of Infrared Observations and later up-
dated these values with 2MASS data in Jugaku and Nishimura (2004a),
analyzing 384 solar-type stars within 25 pc. They posited that a source
radiating 10% of its host star’s radiation as waste heat should exhibit
a K — [12] color shift greater than 1 magnitude, yet found no sources
meeting this criterion. Notice that Jugaku and Nishimura (2004b) were
the first to consider partial Dyson spheres, i.e., v < 1.

Carrigan (2009) set the first upper limits on the prevalence of Dyson
spheres by examining photometric data from TRAS, concluding that
fewer than 1 in 10,000 of the approximately 250,000 IRAS sources could
be Dyson spheres based on their infrared fluxes. Carrigan’s detailed
analysis of the IRAS low-resolution spectrometer data led to the identi-
fication of 16 “somewhat interesting sources,” focusing on the potential
for fully formed Dyson spheres which would exhibit pure thermal black-
body emission and completely obscure the host star.

Zackrisson et al. (2018) approached the search for Dyson spheres by
comparing spectrophotometric and trigonometric distances, theorizing
that discrepancies between these measures could indicate partial obscu-
ration by a Dyson sphere. This method relies on the premise that the
trigonometric parallax reveals the actual distance, whereas the spec-
trophotometric distance might be overestimated due to partial obscura-
tion.
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As part of this thesis, we unveil the most recent and extensive search
for galactic Dyson spheres to date, identifying seven candidates of un-
known nature. For a detailed exploration of these findings, please refer
to the papers included in this thesis (Section III).

Extragalactic searches

Searches for extragalactic artificial megastructures have been pursued as
well, employing strategies akin to those used for Dyson spheres within
the Milky Way. Wright et al. (2014b), Wright et al. (2014a), and Griffith
et al. (2015) conducted investigations into galaxies exhibiting an excess
of infrared radiation, mirroring the methodology applied to individual
Dyson sphere. Additionally, Annis (1999) and Zackrisson et al. (2015)
embarked on searches for Kardashev Type III civilizations by identi-
fying galaxies that deviate from established scaling laws. Conversely,
Garrett (2015) and Chen and Garrett (2021) considered the ratios be-
tween galaxies’ infrared and radio fluxes as potential indicators of such
advanced civilizations.

3.2.4 Alternative power sources for Dyson spheres.

Dyson spheres are commonly linked with main-sequence stars, as as-
trophysicists often conceptualize these artificial structures within the
context of the Solar System. This association originates from the belief
that main-sequence stars, similar to our Sun, offer the most hospitable
conditions for life, making them prime candidates for constructing such
megastructures. However, despite the conventional wisdom that other
types of stellar hosts might not offer favorable conditions for life due
to their extreme environments, numerous authors have explored the
theoretical possibility of Dyson spheres existing around different stellar
objects. These include X-ray binaries (Imara and Di Stefano, 2018),
White dwarfs (Semiz and Ogur, 2015; Zuckerman, 2022), Pulsars
(Osmanov, 2016), Stellar black holes (Opatrny et al., 2017; Hsiao
et al., 2021), and Supermassive black holes (Inoue and Yokoo, 2011).

3.3 The nine axes of merit for waste heat searches

Here we rank waste heat radiation produced by artificial megastructures
(e.g., Dyson sphere) on the nine-axes-of-merit framework that consists
of evaluating how favorable a method is based on each one of the nine
axes described in Section 1.2.4.
e Observing capability, cost and detectability: favorably, because
these searches can be done with existing large databases.
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Figure 3.9. The nine axes of merit for waste heat techmnosignatures (Sheikh,
2020). Image credit: Sofia Sheikh https://github.com/sofsheikh/Axes-of-Merit

Ancillary benefits: favorably, because candidates that turn out not
to be Dyson spheres may still be interesting for other astrophysics
fields.

Duration: favorably because Dyson spheres can be very long-lived.
Ambiguity: unfavorably, because many natural sources emit mid-
infrared radiation.

Extrapolation: unfavorably, because we have not built a Dyson
sphere in our Solar system.

Inevitability: favorably, because the laws of thermodynamics are
always valid, so a megastructure will always produce waste heat.
Information: unfavorably, because if we were to find one, we would
not necessarily have any insight about the civilization beyond the
fact that they have reached the technological level to build one.

Figure 3.9 shows how waste heat searches are ranked along the nine
axes of merit.
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Part II:
Infrared excess stars

The primary aim of this thesis is to identify astronomical sources ex-
hibiting characteristics akin to Dyson spheres, particularly in the form
of an infrared excess. This signature trait was initially suggested in
the seminal paper Dyson (1960). However, as the well-known aphorism
goes, “All that glitters is not gold,” which means numerous explanations
exist for a star’s infrared excess. These range from inherent aspects, typ-
ically related to circumstellar material in the surrounding of the star, to
external factors that can sometimes even be linked to specific designs of
observational instruments. In this part of the thesis, we delve into differ-
ent sources of infrared excess that could display features similar to those
of the Dyson sphere models introduced in Part I and their properties.
Although the search may not yield actual Dyson spheres, we believe
any discoveries made through this endeavor could produce valuable in-
sights for the astronomical community and enhance our understanding
of infrared phenomena in general.






4. Infrared excess stars

Infrared excess is commonly associated with dust surrounding the cen-
tral star, where dust particles absorb stellar light and re-emit it at
longer, infrared wavelengths. This mechanism is identical to the one
that would theoretically cause a Dyson sphere to emit infrared radia-
tion. Thus, in the search for Dyson spheres, it is crucial to analyze all
infrared sources thoroughly and understand their characteristics to dif-
ferentiate them effectively. Moreover, one of the advantages of searching
for Dyson spheres is that, regardless of the outcome, this exploration
can help enrich our understanding of cosmic phenomena (refer to Sec-
tion 1.2.4).

In the realm of astrophysical phenomena, the appearance of an in-
frared excess in stars can sometimes be misleading, attributed to factors
unrelated to the inherent characteristics of the stellar source itself. To
better understand and categorize the origins of infrared excess, we sep-
arate them into two primary categories: extrinsic and intrinsic. This
section delves deeper into these categories, concisely reviewing the di-
verse mechanisms that contribute to infrared emissions and how they
can influence our observations and interpretations of celestial objects.

4.1 Extrinsic

Extrinsic infrared sources are object that are not genuine sources of in-
frared radiation, but simply appear to be. Many searches for infrared
sources have encountered difficulties when determining if the nature of
the infrared excess is of intrinsic or extrinsic origin (e.g., Kennedy et al.,
2012; Theissen and West, 2017). In the course of this thesis, two signifi-
cant extrinsic factors were identified as affecting the detection of infrared
excess: regions rich in interstellar dust and incidental alignments with
other celestial bodies.

4.1.1 Dusty regions

Stars associated with prominent nebulae can appear as common false
positive sources of infrared radiation. Figure 4.1 offers W3 (12 pm)
images (a dust-sensitive photometric band) that provide examples of
stars embedded within nebulae as well as those located in clearer regions.
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a) b)

Figure 4.1. Two images in the WISE W3 band (12 pm) that exemplify a star
exhibiting contaminated infrared emission due to nebular features on the left-
hand side panel and a star free from nebular feature on the right-hand side.
Both images are normalized and correspond to a squared region in the sky with
a side of 9.625 arcmin.

Kennedy et al. (2012) found a gradient in the infrared confusion from
the dense, nebula-rich galactic plane of the Milky Way to its outskirts,
highlighting the challenges in distinguishing genuine infrared excesses
from those resulting from galactic contamination. Furthermore, they
utilized the Improved Processing of the IRAS Survey (IRIS: Miville-
Deschénes and Lagache, 2005) to trace potential background contami-
nations effectively. They found that sources within regions where the
100 um background level from the IRAS maps surpass 5 MJy/sr are
likely to be influenced by galactic contamination.

In Paper II, we implemented an independent analysis to discern whether
stars are embedded within nebular regions. This was achieved through
the development of a Convolutional Neural Network (CNN), specifi-
cally tailored to classify stars based on their likelihood of being affected
by nebular contamination. The CNN was trained on a curated sam-
ple, selected through the visual inspection. Further elaboration on this
method and its outcomes is detailed in Paper II.

While dust-rich regions can contaminate the photometry of a star,
giving the appearance of infrared excesses, there are strategies to ad-
dress this problem and exclude sources that have been affected by dust
emission.

4.1.2 Chance alignments

The Wide-field Infrared Survey Explorer (WISE: Wright et al., 2010)
and its subsequent data release, AIWISE (Cutri et al., 2013), have
been of utter importance in the field of infrared sources by allowing the
identification of new sources and the characterization of both new and
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Figure 4.2. Tllustration of two sources presenting an infrared excess in their
W3 and W4 photometry. The upper panel showcases a star whose apparent
infrared excess is actually blended with a neighboring celestial body, which is
revealed when inspecting the image in the r-band from Panstarrs. The lower
panel shows the proto-planetary nebula IRAS 08359-1644, a genuine source of
infrared radiation that is unaffected by proximal sources. Each depicted area

spans 1 x 1 arcmin?.

old sources (e.g., Cotten and Song, 2016). However, many studies (e.g.,
Ribas et al., 2012; Kennedy et al., 2012; Theissen and West, 2017) have
faced challenges in the form of contamination from foreground or nearby
sources. This issue primarily originates from the large Full Width at
Half Maximum (FWHM) of the Point Spread Functions (PSFs) for the
12 and 22 pm wavelengths, which correspond to approximately 6”.5 and
12", respectively. Because of this, the emission of a genuine infrared
source can fall in the aperture of some WISE bands of one that is not,
which can lead to a fake excess, as well as astrometric shifts across some
WISE bands and/or extended morphology, complicating the detection
of new authentic infrared sources. Figure 4.2 illustrates this issue with
two examples. The top image shows a star whose W3 (12 pum) and W4
(22 pm) photometry indicates an excess in these bands, but in reality, it
is caused by a nearby object that blends with the central source, which
is only noticeable when inspecting the optical image. The bottom image
presents the proto-planetary nebula IRAS 08359-1644, a genuine source
of infrared radiation unaffected by nearby sources. Each image covers
an area of 1 x 1 arcmin?.

In many cases, contamination produced by alignments is not obvious
like the example illustrated in Figure 4.2, so one must consider other
ways of handling this issue. In Paper II, we aided our visual inspec-
tion using complementary optical images that have better resolution.
Another way of dealing with these chance alignments or blends is intro-
duced by Theissen and West (2017). In the context of seeking M dwarfs
surrounded by warm circumstellar material, they compare the offsets
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Figure 4.8. Example of right ascension and declination offsets in the WISE

W1 for W3 data caused by the instrument, for one thousand points randomly
generated following the distribution of Theissen and West (2017).

among the W1, W2, and W3 images of their candidates to with those
of stationary objects like quasars. Their logic is that the centroid of
contaminated sources at W3 (12 pum) should be significantly offset com-
pared to the shortest wavelength available in the survey W1 (3.4 pm).
They acknowledge that authentic sources of infrared radiation could
still display small offsets, but this displacement should be compatible
with the distribution of offsets of quasars, which are valuable indicators
of the WISE instrument’s astrometric precision as they remain station-
ary in the sky. Theissen and West (2017) determine the offset of their
infrared candidates and claimed these to be similar to the distribution
of isolated quasars (with no other sources within 6 arcseconds), with
W3 signal-to-noise ratios (SNRs) between 3 and 5, at galactic latitudes
higher than 77 degrees. They provide two offset distributions resem-
bling Gaussian functions. One distribution reflects the Right Ascension
offset between the W1 and W3 positions (u = 0”7.08, o = 5”.00) and
another for the Declination offset between the W1 and W3 positions
(b = —0".21 a, o = 5"”.48). Figure 4.3 illustrates the right ascension
and declination offsets of one thousand randomly generated data points
between the W1 and W3 centroids following the distributions obtained
by Theissen and West (2017).

While we have outlined two straightforward and effective methods
for eliminating sources affected by contamination from adjacent or fore-
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ground objects, there can be instances where the alignment is so precise
that the contamination mimics the offset distribution typical of quasars.
Likewise, visual inspection of photometric images can not always reveal
a clear contaminating source, unlike the example shown in Figure 4.2.
In such cases, spectral information may provide additional clues. If
two sources are blending, their spectral features should be observable
simultaneously.

4.2 Intrinsic

As mentioned before, infrared excess emission is a valuable tracer of the
material heated by the starlight and reemitted at longer wavelengths.
This phenomenon is typical of very young stars as well as very old stars.
This section provides a simplified overview of some of these intrinsic
infrared emitters. We consider evolved stars, binaries, and young stars
surrounded by circumstellar material.

4.2.1 Evolved stars

In the first Dyson sphere searches (e.g., Slysh, 1985; Timofeev et al.,
2000; Carrigan, 2009), evolved stars such as Mira variables, planetary
nebulae, asymptotic giant branch stars (AGB) and post-AGB stars were
the most typical type of confounders. These evolutionary stages are
characterized by the production of dust clouds during strong stellar wind
events that can produce infrared signatures. However, many of these
sources show silicate features, pulsations, and, in some cases, OH/IR
signals (1612 MHz), which are evidence against a possible Dyson sphere.
Carbon stars, a subclass of AGB stars, are also evolved stars that usually
present SiC emission lines at about 11.3 ym. However, some extreme
Carbon stars with thick envelopes can lack this feature (Volk et al.,
1992).

The first searches focused on using the photometry of Infrared Astro-
nomical Satellite (IRAS: Neugebauer et al., 1984) to find objects whose
photometry could resemble that of a pure blackbody in the range 100 —
600 K that would be radiated from a complete Dyson sphere. However,
these searches lacked precise parallaxes, so distances were not obtain-
able, and fluxes could not be rescaled to luminosities. If we assume that
Dyson spheres can only be hosted by main-sequence stars, we can rule
out all evolved stars by inspecting the position of any potential can-
didate in the Hertzprung-Russell diagram. However, distances need to
be known. In this thesis, we have mainly used parallax-based distances
from the Gaia mission (Gaia Collaboration et al., 2016), a mission that
provides photometry and astrometry with unprecedented precision as
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Figure 4.4. Hurtzprung-Russell diagram illustrating different evolutionary
stages when plotting luminosity versus temperature. We highlight the huge
luminosity of Asymptotic Giant branch stars. Image credit: Arief Ahmad.

well as other derived products. In Paper II and Paper III, We make
use of distances derived from the Gaia Early Data Release 3 (Gaia Col-
laboration et al., 2021), in particular, parallax-based distances from
Bailer-Jones et al. (2021) that uses a Bayesian approach to account for
the asymmetry of the distance uncertainties when errors are large. Al-
though it has been shown that Gaia parallax-based can sometimes be
unreliable for AGB stars (e.g., Andriantsaralaza et al., 2022), we have
worked with a very small sample of stars within 300 parsecs, which
contains only sources with very reliable distances.

4.2.2 Binaries

Single stars are prevalent in our Galaxy, but they are not the only type
of stellar systems. It is estimated that approximately one-third of the
star systems in the Galaxy are binary or multiple (Lada, 2006). It has
been observed that in some cases, multiple-star systems can also harbor
circumstellar material surrounding it. A notable case is the spectro-
scopic binary BD +20 307, an old system (> 1 Gyr) consisting of two
nearly identical stars. This system exhibits an infrared excess attributed
to a significant amount of hot circumbinary dust, likely resulting from a
massive and recent collision of planetesimals, despite its advanced evolu-
tionary stage (Weinberger, 2008; Thompson et al., 2019). Consequently,
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this source has been categorized as an extreme debris disk (EDD) due to
the high fractional luminosity of its circumstellar material (Balog et al.,
2009; Moér et al., 2021).

To assess whether stars are likely to be unresolved binaries, data from
the Gaia mission (Gaia Collaboration et al., 2016) is invaluable. The
Gaia astrometric solution is based on the assumption that all observed
objects are single stars. Misidentifying a binary or multiple system
as a single star leads to incorrect parallaxes and proper motions, i.e.
inaccurate astrometric data. Gaia calculates the Renormalised Unit
Weight Error (RUWE) for each source, which is the square root of the
normalized chi-square of the astrometric fit to the along-scan obser-
vations. Although RUWE formal definition may appear complex, its
practical understanding is facilitated by the approximation provided by
Belokurov et al. (2020), as shown in Equation 4.1,

RUWE? ~ 2~12R42 (4.1)
=T |
where v = N — x the number of degrees of freedom, N is the number
of good observations along the scan, x is the number of parameters in
the data release, which is 5 for Gaia DR2 (Gaia Collaboration et al.,
2018) and 6 for Gaia EDR3 and DR3 (Gaia Collaboration et al., 2021,
2022). R; are model residuals, and o; the centroid errors for a given
observation of a source. Essentially, Equation 4.1 is sensitive to fac-
tors causing photocenter wobble, such as unresolved multiple systems.
A higher x value indicates a more prominent wobble. The Gaia con-
sortium typically considers RUWE values ~ 1.0 for well-behaved single
star solutions, with a threshold of RUWE < 1.4 (Lindegren et al., 2018,
2021).
In summary, the RUWE criterion becomes a handy parameter that
can assist when distinguishing sources composed of multiple stars as
well as stars with problematic astrometry from well-behaved stars.

4.2.3 Young stars

Studying young stars and the circumstellar material surrounding them is
crucial for understanding the processes that contribute to observed mid-
infrared (mid-IR) excess emissions. This emission indicates the presence
of circumstellar disks and other material that interact with the young
stellar object (YSO) as it evolves. The classification of YSOs based
on their evolutionary stages helps unveil complex processes occurring
during star formation. This classification is grounded in a taxonomy
that categorizes YSOs into Classes 0, I, II, and III, based on the spectral
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energy distribution (SED) slope a = dlog(AF)y)/dlog A, between near-
infrared (near-IR) and mid-IR wavelengths.

e Class 0 objects represent the earliest stage of star formation,
often referred to as the “collapse phase.” These objects are
characterized by extended submillimeter continuum emission,
which indicates the presence of a spheroidal circumstellar dust
envelope. A significant feature of Class 0 objects is that the
ratio of submillimeter luminosity (Lsnm) to the bolometric lu-
minosity (Lp, is greater than 0.5%, where Lgyy, is the submili-
metric luminosity measured longward of 350 pm.

e Class I objects are in a later stage of evolution compared to
Class 0. Their emission is primarily dominated by the envelope
surrounding the protostar, with an SED slope («) greater than
0.

o Class II objects are characterized by the accretion phase, where
the emission is influenced both by the central star and its cir-
cumstellar disk. This phase is characterized by strong Ho emis-
sion and/or UV excess emission. The presence of a disk is
significant in Class II objects, as it is actively involved in the
process of star and planet formation, with material from the
disk accreting onto the star. In this phase, 0 > o > —2.

e Class III denotes a phase where the accretion of gas has con-
cluded, and the emission is predominantly from the central star.
The SED slope («) is less than or equal to -2, indicating that
the circumstellar disk has become a debris disk, contains little
gas, and is possibly in the final stages of planet formation or
has already formed planets. In this phase, there is typically no
accretion.

This classification scheme, initially proposed by Lada et al. (1984) and
later updated by André (1993), provides a framework for understanding
the complex evolution of YSOs. The progression from Class 0 through
Class III reflects the gradual clearing of the circumstellar material.

We summarize the physical and spectral features of these classes in
Figure 4.5 as well as in Table 4.1. For a comprehensive overview of
the terminology and concepts in the field of protostellar and protoplan-
etary sources, readers are encouraged to consult resources like “THE
DISKIONARY?” (Evans et al., 2009), which compiles definitions and
vocabulary pertinent to this area of study.

In addition to the previously mentioned classes, objects are commonly
differentiated based on their fractional infrared luminosity (e.g., Wyatt,
2008), defined as f = Lir/L.. Sources with f > 0.01, are classified
as protoplanetary disks (Class I and II), indicative of a significant
presence of dust and gas that are potential precursors to planet forma-
tion. Conversely, objects with f < 0.01 are categorized as debris disks

60



Fragment

g R ¥ . Parent cloud
£ =t
s £ Cold black body @
T &
T B
w
2
& 1 10 0 0
A (am)
Formation of the central protostellar object
E=0 == e
2 =
= -—
g ‘_ b 8
& — \
v
= 10
o
= X (pm)
= t<0.03 Myr
w Class|
2
=]
g . NSV
]
=
o
; R\
-
_______ Ll
st pre-main sequence stars
2 >
=
3 8
: 1 Protoplanetary disk?
o
@
o 1 10 10
4 A (um)
g" t=1 Myr
i Class llI
‘E e e e
oz | >
o = Disk? q_,__\q:)/____
& _
g .
3 | stellarblack body | Debris + planets?
1 10 107
£=~10 Myr A (um)

Dauphas N, Chaussidon M. 2011.
Annu. Rev. Earth Planet. Sci. 39:351-86

Figure 4.5. Image describing all the classes in star formation presented by
Lada et al. (1984) and extended by André (1993) for a Sun-like star. Image
reproduced with permission from Dauphas and Chaussidon (2011); the original
concept of this image can be found in André (1993).

61



Table 4.1. Table summarizing different observation features during different

stages of star formation as well as the physics undergoing during these phases.
Tazxonomy from Lada (1987), with class 0 added by André (1993).

Class Observational features Physics

0 Submm continuum emission Collapsing molecular cloud.
Most mass in envelope.

1 SED slope a > 0 Emission dominated

by the envelope

II SED slope 0 > a > —2 Radiation from the star
and the accretion disk.

11 SED slope a < —2 Emission dominated.

by the star Debris disk.

(Class IIT), which suggests a more evolved system where the planet for-
mation process has largely concluded, leaving behind a sparse disk of
dust and debris.

An intriguing exception within this categorization is the category of
Extreme Debris Disks (EDD), as introduced by Balog et al. (2009).
These are Class III objects that, despite their evolutionary stage, exhibit
fractional luminosities exceeding the conventional threshold for debris
disks (f > 0.01).

A slightly different taxonomy from the one proposed by Lada et al.
(1984) was introduced by Espaillat et al. (2012). This classification ac-
counts for the transitional phases between the Lada et al. (1984) Classes
as disks evolve. The categories are as follows:

o Full disks, optically thick at near- and mid-infrared wave-
lengths. Primordial dust and gas have not been cleared yet
(e.g., Esplin et al., 2018).

¢ Pre-transitional disks are characterized by an optically thick
inner disk, which is distinct from an optically thick outer disk
due to the presence of an optically thin gap between them.
Mid-IR dip (Espaillat et al., 2007, 2010).

o Transition disks are disks with inner holes that are relatively
empty of small dust grains. No significant IR emission at wave-
lengths < 20 pm (e.g. Espaillat et al., 2012).

o Evolved disks possess circumstellar material that starts be-
coming optically thin but still does not possess large holes or
gaps (e.g., Esplin et al., 2018).

o Evolved transitional disks are optically thin and have large
holes. (e.g., Esplin et al., 2018).
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¢ Debris disks are composed of second-generation dust gener-
ated by collisions of planetesimals after the primordial disk has
dissipated.

Some tracers of youth

As initially stated, there are many opportunities to confuse protoplan-
etary disks or debris disks with theoretical Dyson spheres, especially
given their common infrared signatures. However, there are several fea-
tures characteristic of stars in their formation that can help us to dis-
criminate between young stars and genuine Dyson sphere candidates.
Here, we provide some examples of observables that can help make the
distinction.

One discriminant is variability. Stars encircled by circumstellar ma-
terial, particularly young stars, frequently display brightness variability
as a distinguishing trait (e.g., Joy, 1945; Herbst et al., 2007). This vari-
ability can originate from a range of phenomena, such as circumstellar
obscuration events, the presence of hot spots on the star or within the
disk, bursts of accretion, and swift alterations in the structure of the
circumstellar disk (Cody et al., 2014).

When it comes to optical spectra, there are many lines that can serve
to constrain stellar ages. One indicator of stellar youth is the emission
of Ha photons, characteristic of young stars during accretion episodes.
As a young protostar heats up, it ionizes the hydrogen within its sur-
rounding accretion disk, leading to the emission of Ha photons (Barrado
y Navascués and Martin, 2003). It is important to recognize, though,
that Ha emission is also a common trait of late-type stars, especially M
dwarfs, where it results from magnetic activity. However, the Ha emis-
sion from accreting episodes is significantly more intense than those
arising from magnetic activity. Empirical relationships based on the
Equivalent Width (EW) measurements of the Ha line exist (e.g., Bar-
rado y Navascués and Martin, 2003; White and Basri, 2003), providing
a method to discriminate between these different origins of Ha emission.

Another diagnostic tool for identifying young stars is the presence of
Lithium (Li). Lithium is an element that is readily destroyed within the
interiors of stars, leading to a gradual depletion of its surface abundance
over time in solar-type and lower-mass stars (Bouvier et al., 2016; Jef-
fries, 2014, e.g.,). Consequently, the detection of Li I A6708 absorption
serves as an indicator of stellar youth. As young stars contract and
approach the main sequence, the temperature of their cores increases,
eventually reaching approximately ~ 3-10° K, a threshold temperature
at which Lithium begins to burn (e.g., Murphy et al., 2018).

Surface gravity is a useful diagnostic tool for determining the evo-
lutionary stage of stars. Pre-main sequence (pre-MS) stars typically
exhibit low surface gravity, which gradually changes as the star con-
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tracts and its radius decreases during pre-MS evolution. Absorption
features sensitive to surface gravity can provide valuable clues about
a star’s youthfulness. For instance, in the case of mid-M-type stars,
the Na I doublet at A8183/8195 stands out as one of the most reliable
gravity-sensitive features for identifying stellar youth (Schlieder et al.,
2012).

M dwarfs debris disk

One intriguing aspect of this thesis, highlighted in Paper II, is that all
sources with an infrared excess of unknown origin are M dwarfs. When
examining these stars, one potential explanation for the presence of
an infrared excess is the existence of a debris disk. However, despite
M dwarfs being the most common type of star in the Galaxy (Reylé
et al., 2021; Kirkpatrick et al., 2023), debris disks around them are ex-
ceedingly rare. Despite numerous efforts, attempts to find debris disks
surrounding M dwarfs have largely been unsuccessful. While confirmed
instances of M dwarfs surrounded by debris disks do exist, their detec-
tion remains limited, primarily observed in the submillimeter regime,
keeping them constrained to very low temperature (e.g., Luppe et al.,
2020; Cronin-Coltsmann et al., 2022, 2023).

Several factors have been proposed to contribute to the challenge of
detecting debris disks around M dwarfs, including potential detection
biases (Heng and Malik, 2013; Kennedy et al., 2018) and age biases (Riaz
et al., 2006; Avenhaus et al., 2012). Furthermore, the analysis performed
by Plavchan et al. (2005) suggests that stellar wind drag could lead
to faster disk dissipation around M dwarfs, potentially explaining the
perceived scarcity of debris disks in this stellar population.
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Part III:
Summary of papers

This part summarizes the content of the papers included in this thesis.






5. Paper 1

In our first paper, we determined upper limits on the prevalence of
Dyson spheres within the Milky Way using Gaia DR2 and AIWISE
data. This work aimed to estimate the highest potential quantity of
Dyson spheres in the Galaxy by counting stars that show infrared ex-
cesses — a feature of Dyson spheres.

To compute these upper limits, we identified specific regions within
color-magnitude diagrams expected to contain main-sequence stars paired
with Dyson spheres. The methodology for outlining these regions is de-
picted in Figure 5.1. First, we select a subset of main-sequence stars.
For these stars, we then apply the simplified models discussed in Sec-
tion 3.2.2 to account for changes in their photometry attributable to the
presence of a Dyson sphere, characterized by specific values of v and
Tps. Then, we determine the parameterizations fx(7',7) — the bound-
ary separating Dyson spheres from other stellar objects in our dataset
for different color combinations. A crucial element of this approach is
choosing color-magnitude diagrams that feature a color index combin-
ing optical and mid-infrared wavelengths, thus capturing the infrared
excess. For this analysis, we utilized the color indices: G—W1, G- W2,
G —-W3, and G — W4.

After defining the boundaries within the color-magnitude diagrams
for potential Dyson sphere regions, we evaluated the proportion of stars
falling into these regions. The dataset was divided into various subsets
based on distance, ranging from stars located within 100 pc to those
as far away as 5000 pc, encompassing approximately ~ 3 x 10® stars.
We summarized the results in Table 5.1, which shows the fraction of
stars at different distances for a Dyson sphere of v = 0.1,0.5,0.9 and
a temperature Tpg = 300 K, which corresponds to the best-constrained
temperature. The strongest upper limits were established within 100 pc
from the Sun. This distance allows for a more diverse sample of stars to
be included in the analysis and reduces the likelihood of contamination
from other sources. For stars in this local volume, infrared sources can
be identified more accurately, enhancing the reliability of our upper
limit estimates for their prevalence within this specific region of the
Milky Way.
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6. Paper II

In our second paper, we focused on identifying sources that exhibit
characteristics consistent with Dyson spheres. As discussed in Part II,
there are various reasons a star might have an infrared excess, originated
from both intrinsic and extrinsic processes. To isolate the most enig-
matic sources of infrared radiation, we implemented a pipeline on the
combined dataset from Gaia DR3, 2MASS, and AIIWISE, which spans
optical, near, and mid-infrared wavelengths. The procedure is visually
summarized in Figure 6.1 and encompasses the following steps:

¢ Data collection from Gaia, 2MASS, and All-WISE for sources within
300 pc with detections in the 12 and 22 gm bands (W3 and W4 WISE
bands).

e A grid-search method is employed to determine each star’s best-fitting
Dyson sphere model, utilizing the combined Gaia-2MASS-AIIWISE
photometry.

o To filter out potential candidates situated in nebular areas, a Con-
volutional Neural Network (CNN)-based approach is employed on
WISE imagery to verify the absence of nebular features.

o Utilization of Gaia-WISE indicators to determine the likelihood of
stars showing an infrared excess due to natural causes.

o Exclusion of sources with signal-to-noise rations lower than 3.5 in the
W3 and W4 bands.

e Visual inspection of optical, near-, and mid-infrared images for all
remaining sources to eliminate problematic cases.

After implementing the described procedure on ~ 5x 10% stars within
the combined Gaia DR3-2MASS-AIIWISE dataset, we identified seven
sources fulfilling our criteria, each exhibiting an excess in the infrared
spectrum. These sources stand out from the vast dataset due to their
uncertain origin.
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Figure 6.1. Flowchart illustrating our pipeline to find Dyson sphere candidates.
Adapted from Paper II.
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7. Paper III

In this work, we re-analyzed the candidates for Dyson spheres identified
through the pipeline established in Paper II (Chapter 6), exploiting the
fact that all are M dwarfs. To the existing list of candidates, we added
three additional stars that exhibit ambiguous signs of infrared excess,
yet for which we possess spectroscopical data.

Here, we delve more into the properties of these stars by employ-
ing photometrically calibrated relationships specially tailored for M-
dwarfs in order to determine accurate stellar parameters. Additionally,
we acquired low-resolution spectroscopy for some candidates and for
well-known M-dwarfs to serve as a comparison metric. The analysis
of stellar parameters, derived from calibrated empirical relationships
for M-dwarfs, shows that our Dyson sphere candidates do not deviate
from typical M-dwarf stars in terms of stellar parameters. Figure 7.1
showcases a color-magnitude diagram that includes our candidates and
spectroscopic standard stars, alongside metallicity estimates generated
through this study. The distribution of our objects aligns with the ex-
pected trends observed in a reference sample from Mann et al. 2015,
which confirms the lack of anomalies in their properties when compared
with the M-dwarf population.

Likewise, we analyze stellar spectra when available. Figure 7.2 com-
pares the available spectra of five of our sources, labeled A to J, from the
highest signal-to-noise in the W3/W4 bands to the lowest. These spec-
tra do not reveal any striking deviations from typical M-dwarf behavior,
similar to the conclusion from the photometric analysis.

The consistency in our sources’ behavior suggests that they share
typical characteristics with other main sequence M-dwarfs, highlighting
the need for further investigation to understand the origins of their
infrared excesses. One of our spectroscopic targets does exhibit weak
Ha emission, but this is more likely attributed to stellar activity rather
than the gaseous accretion disk expected for a young star according to
different empirical relations. After this analysis, we still find no clear
explanation for these stars’ infrared excess, but future observations in
the infrared or submillimeter regime could probe one of the scenarios
listed in Part II.
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Figure 7.2. Stellar spectra for candidates A, D, H, I, and J according to the
nomenclature employed in Paper III. Standard main-sequence M dwarfs are
included to facilitate the comparison with standard main-sequence M dwarfs.
There is a fair match between our standard stars and the optical spectra of our
candidates. No Ha in emission is observed in all but one case. Adapted from
Paper III.
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8. Popular Science Summary

Are we alone in the Universe, or are there others out there? This is
the core question in the research field of SETI (Searching for Extra-
Terrestrial Intelligence). The scientific search for intelligent life in space
began in the early 1960s and, until now, has primarily focused on the
search for communication signals in the form of radio waves and laser
pulses from other civilizations. Despite these efforts, no conclusive ev-
idence of intelligent life has been found, leaving the question of their
existence unanswered. The lack of detections does not necessarily imply
an absence of intelligent life. It is possible that other civilizations might
not seek contact, are unaware of our existence, or use communication
methods beyond our current detection capabilities. Many alternative
strategies for searching for signs of more general technological activity
in space have been proposed but have been relatively unexplored.

Recently, extensive digital collections of astronomical data have been
built up, making it possible to study the properties of hundreds of mil-
lions of celestial objects from various regions of the electromagnetic spec-
trum. This thesis uses databases of this kind to search for an alternative
signature of extraterrestrial technology, also referred to as technosigna-
tures. The underlying idea, proposed by theoretical physicist Freeman
Dyson, is that civilizations at a higher technological level than our own
might want to harness the radiant energy produced by their own plan-
etary system’s parent star.

In our solar system, the Earth captures a small part of the luminous
energy that our star, the Sun, emits. This energy has been critical for
the development of life on Earth and, with our current technology, can
also be converted into electricity via solar panels. However, most solar
radiation is not absorbed by any planet but leaks straight into inter-
stellar space. This untapped energy could, in principle, be collected by
constructing a vast, spherical structure that absorbs some of the star’s
radiation. This is often considered a swarm of satellites around the star,
but other designs are also possible. This structure, the so-called Dyson
sphere, is expected to block some of the light in the visible wavelength
range and emit a strong infrared glow. Combining observational data
in the visible and infrared allows for searches of stars exhibiting such a
signature and identifying possible Dyson Spheres in our home galaxy;,
the Milky Way.

This technosignature can be detected at relatively large distances
and is not based on any assumptions regarding the willingness of any
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civilization to send radio signals or direct laser pulses in our direction.
One problem, however, is that stars can appear unusually dim in visible
light and bright in infrared light for reasons that have nothing to do
with Dyson spheres. A critical element in the search for Dyson spheres
is to try to rule out other known astronomical phenomena that could
similarly affect the light of the stars.

This thesis combines observational data in the optical and infrared
regions of the electromagnetic spectrum from the space-based Gaia and
WISE telescopes and other telescopes in the search for possible Dyson
spheres. The first article in this thesis assesses how common stars with
an unusually high proportion of infrared radiation are in the data cata-
logs from Gaia and WISE. This results in upper limits for how common
different varieties of Dyson Spheres could, in principle, be in our part of
the Milky Way. However, it does not say whether there are any likely
Dyson spheres in the data set.

The second paper presents a procedure to identify objects where the
infrared excess flux is likely attributed to well-known astronomical phe-
nomena. Here, we combined data from Gaia and WISE along with
2MASS, a survey of the sky compiled with ground-based infrared tele-
scopes. The procedure includes, among others, an interpretation of
image data from WISE using artificial neural networks that have been
trained to classify the environment around light sources in the sky.
Young stars surrounded by dust clouds sometimes exhibit signatures
similar to those of Dyson spheres. However, such stars are typically
found in star-forming regions that appear nebulous in the images from
WISE and can, therefore, be weeded out by the classification algorithm.
The article presents a small selection of objects that ultimately meet all
the criteria for possible Dyson sphere candidates.

In the third article, these candidates are examined in more detail,
partly with follow-up observations made with the Nordic Optical Tele-
scope. The objects turn out to be red dwarf stars that show no signs
of the youth required to explain their infrared properties. However,
the available data cannot determine the cause of the strong infrared
radiation.

In the SETT research field, what is sometimes called “Freeman Dyson’s
first SETT law” is sometimes discussed, namely the advice that searches
for extraterrestrial civilizations should be designed to lead to interesting
results even when no extraterrestrials are discovered. It is definitely too
early to say that any Dyson spheres have been found, but the fact that
objects in the starry sky exhibit inexplicable infrared radiation is an
interesting result, as it may lead to the discovery of new astrophysical
phenomena. In the case of the red dwarf stars discussed in this the-
sis’s third article, observations with the space telescope JWST or the
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ground-based telescope ALMA could probably unveil what lies behind
the phenomenon.
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9. Popularvetenskaplig sammanfattning

Ar vi ensamma i universum, eller finns det andra dirute? Detta ar den
centrala fragan inom forskningsfaltet SETI (eng. Searching for Extra-
Terrestrial Intelligence). Det vetenskapliga sokandet efter intelligent liv
i rymden tog sitt avstamp under det tidiga 1960-talet, och har hittills till
stor del fokuserat pa sokandet efter kommunikationssignaler i form av
radiovagor och laserpulser fran andra civilisationer. Sadana strategier
har &nnu inte resulterat i nagra sikra detektioner, men vad detta séiger
om forekomsten av intelligenta livsformer i rymden ar oklart. Om andra
civilisationer inte har nagot intresse av att kontakta oss, inte kénner till
att vi ar har, eller kommunicerar med signaler som vi i nuléget inte
formar uppfanga, ar dessa metoder domda att misslyckas. Manga al-
ternativa strategier for att soka efter tecken pa mer generell teknologisk
aktivitet i rymden har foreslagits, men hittills varit relativt outforskade.

Under senare tid har stora digitala samlingar av astronomiska obser-
vationsdata byggts upp, vilket gér det mojligt att studera egenskaperna
hos hundratals miljoner himlaobjekt i ljus fran vitt skilda delar av det
elektromagnetiska spektrumet. I denna avhandling anvinds databaser
av detta slag for att soka efter en alternativ s.k. teknosignatur med
potential att lokalisera andra civilisationer i rymden. Den underlig-
gande idén, framlagd av den teoretiske fysikern Freeman Dyson, &ar att
civilisationer p& en hogre teknologisk niva &n var egen kanske skulle
vilja tillgodogora sig den stralningsenergi som det egna planetsystemets
moderstjarna producerar, men som normalt gar forlorad i rymden.

I vart solsystem fangar jorden upp en liten del av den ljusenergi
som var egen moderstjirna solen séinder ut. Denna stralningsenergi har
varit kritisk for livets utveckling pa jorden och kan med var nuvarande
teknologi &ven omvandlas till elektricitet via solpaneler. Den storsta de-
len av solstralningen absorberas dock inte av nagon planet utan lacker
rakt ut i den interstellira rymden. Denna outnyttjade energi skulle
i princip kunna samlas in genom konstruktionen av en enorm, sfarisk
struktur som absorberar en del av stjarnans stralning. Ofta tanker
man sig detta som en svirm av satelliter kring stjirnan, men annan
utformning ar ocksd mojlig. Den s.k. Dysonsfiaren forvantas blockera
en del av ljuset i det synliga vaglangdsomradet, men samtidigt avge ett
kraftigt infrar6tt sken. Genom att kombinera observationsdata i synligt
och infrarott ljus kan man soka efter stjirnor som uppvisar en sadan
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signatur och dérigenom lokalisera mojliga Dysonsfarer i var hemgalax
Vintergatan.

Denna teknosignatur ar intressant eftersom den kan upptickas pa
relativt stora avstand och inte baseras pa nagra antaganden om att an-
dra civilisationer skulle sinda radiosignaler eller rikta laserpulser at vart
hall. Ett problem ar daremot att stjirnor kan te sig ovanligt ljussvaga
i synligt ljus, och samtidigt ljusstarka i infrarott, av skél som inte har
nagot med Dysonsfarer att gora. Ett kritiskt moment i sokandet efter
Dysonsfarer ar darfor att forsoka utesluta andra kénda astronomiska
fenomen som skulle kunna paverka stjarnornas ljus pa likartat sitt.

I denna avhandling kombineras observationsdata i synligt och in-
frarott ljus fran de rymdbaserade Gaia- och WISE-teleskopen, samt dven
data fran andra teleskop, i jakten pa mojliga Dysonsfarer. I avhandlin-
gens forsta artikel undersoks hur vanliga stjarnor med ovanligt hog andel
infrarod stralning ar i datakatalogerna fran Gaia och WISE. Detta re-
sulterar i 6vre granser for hur vanliga olika varianter av Dysonsfarer i
princip skulle kunna vara i var del av Vintergatan. Det séger daremot
inget om hur huruvida det verkligen finns nagra troliga Dysonsfarer i
dataméngden.

I den andra artikeln presenteras en procedur for att salla bort ob-
jekt déar overskottet av infrarott ljus sannolikt kan tillskrivas vilkanda
astronomiska fenomen.

Har kombineras data fran Gaia och WISE med data 2MASS, en un-
dersckning av himlen sammanstalld med infraréda teleskop pa jordy-
tan. I forfarandet ingar bland annat en tolkning av bilddata fran WISE
med hjalp av artificiella neurala natverk som tranats att klassificera
omgivningen kring ljuskéllor pad himlen. Unga stjirnor omgivna av
stoftmoln uppvisar ibland ljussignaturer som liknar de hos Dysonsfirer.
Manga sadana stjarnor aterfinns dock i stjarnbildningsomraden som
framtrader med nebults karaktéar i bilderna fran WISE, och kan dar-
for sallas bort av klassificeringsalgoritmen. I artikeln presenteras ett
litet urval objekt som i slutéinden uppfyller alla kriterierna for mojliga
Dysonsfarkandidater.

I avhandlingens tredje artikel underscks dessa kandidater mer in-
gaende, delvis med uppfoljningsobservationer gjorda med Nordiska Op-
tiska Teleskopet. Objekten visar sig vara roda dvérgstjarnor som inte
uppvisar nagra tecken pa att vara sa unga att det enkelt skulle forklara
deras infraréda egenskaper. Vad som egentligen orsaker den kraftiga
infrardda stralningen gar dock inte att avgora med tillgangliga data.

Inom forskningsfiltet SETT diskuteras ibland nagot som brukar kallas
"Freeman Dysons forsta SETI-lag”, ndmligen radet att sékningar efter
utomjordiska civilisationer bor utformas sa att de leder till intressanta
resultat &ven nér inga utomjordingar uppticks. Det ar definitivt for
tidigt att siga att nagra Dysonsfarer har hittats, men att det finns ob-
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jekt pa stjarnhimlen som uppvisar svarforklarad infrarod stralning &r
ett intressant resultat i sig, eftersom det kan leda till upptéickten av
nya astrofysikaliska fenomen. I fallet med de réda dvérgstjarnor som
diskuteras i avhandlingens tredje artikel skulle exempelvis observationer
med rymdteleskopet JWST eller det jordbundna teleskopet ALMA san-
nolikt kunna avsléja vad som ligger bakom fenomenet.
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