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Preface

The hunger for exploring the unknown and answering nature’s toughest questions is
one of humanity’s greatest assets. This process has led to theoretical, experimental
and practical discoveries in all areas of science, discoveries that have exponentially
expanded our limited human senses.

In astronomy, one of the quests that has tested our technological abilities to the
limit is the detection and characterization of exoplanets, planets that orbit stars
other than our Sun. This is so because the distances between our Solar System and
other similar systems in our own Galaxy are simply stupendous, and to even
consider the possibility of exoplanets in other galaxies and galaxy super clusters is
mindboggling.

So far, over 2000 exoplanets have been discovered, from Jupiter-like behemoths
to rocky bodies not unlike Earth or Mars. Their orbital periods are just as varied,
some exoplanets zoom around their orbit in as little as three hours, while others orbit
sluggishly, their journey taking centuries for each revolution. Some exoplanets are
hotter than Venus or colder than Uranus. Although these celestial bodies are as
diverse as snowflakes, astronomers have obtained enough information about their
physical parameters to start a classification process, a detailed Periodic Table of
Exoplanets.

Intriguingly, a few exoplanets are found at interesting locations within the
habitable zone. They are neither scaldingly hot nor frigidly cold; and they are
neither too light to lack atmospheres or magnetic fields, nor too heavy that gravity
forces become unbearable. These exoplanets could potentially be suitable for life as
we know it, or might harbor life forms we have not even conceived of in our wildest
dreams. What does it take to consider a planet potentially habitable? If a planet is
suitable for life, could life be present? Is life an inevitable result of the laws of
science? What are the latest science paradigms and the wildest hypotheses that
astronomers are considering regarding potentially habitable worlds?

Searching for Habitable Worlds provides both the general public and astronomy
enthusiasts with a richly illustrated synthesis of the most current knowledge
regarding the process of finding extrasolar planets, measuring their physical and
chemical properties, and evaluating to what extent they might fit habitability
parameters. After reading this book, we expect young people to see astronomy as
a cool and obtainable career path, full of wonder and ripe for discovery. We expect
people to become even more curious about science and how it has changed how we
see the natural world.

Most people want to know if we are alone in the Universe. Searching for
Habitable Worlds does not have a definitive answer, but will show readers the very
first places we should look for life, as we know it.

ix



Acknowledgments

We would like to thank Dr Jennifer J Birriel, Professor of Physics from Morehead
State University, for editing the manuscript and providing insightful suggestions for
improvement.

We thank the Department of Mathematics and Physics of Morehead State
University and the Center for Research and Creative Endeavors of the University of
Puerto Rico at Arecibo for their professional support and providing a supportive
academic environment.

We would also like to show our gratitude to our families who lovingly tolerated
our long hours away from home, researching and writing the manuscript for this
book.

x



About the authors

Abel Méndez

Professor Abel Méndez is an Associate Professor of Physics and
Director of the Planetary Habitability Laboratory, Department of
Physics and Chemistry, University of Puerto Rico at Arecibo, Puerto
Rico. He performs research on planetary habitability, exoplanets
and astrobiology in general.

Wilson González-Espada

DrWilson González-Espada is an Associate Professor of Physics and
Science Education, Department of Mathematics and Physics,
Morehead State University, Morehead, KY, USA. His scholarly
interests include science communication, the public understanding of
science and physics education research.

xi



IOP Concise Physics

Searching for Habitable Worlds
An introduction

Abel Méndez and Wilson González-Espada

Chapter 1

Exploring Earth and beyond

1.1 Curiosity
Before going into detail about what is currently known about potentially habitable
worlds, it is important to reflect on why humans are so interested in them in
particular, and in space more broadly. In one word, the answer is curiosity.

Curiosity is defined as a compulsion to understand our surroundings, a strong
eagerness to learn or understand something, or a quest for knowledge that is driven
by the novelty, complexity, comprehensibility and unexpected nature of ‘interesting’
external stimuli [1, 2]. Curiosity, seen by some as the drive to move away from a
state of ignorance [3], includes three main types of behaviors: epistemic observation
(observing, experimenting), consultation (asking others, seeking sources of informa-
tion) and direct thinking (prolonged thinking on a single subject) [4].

Many organisms have an exploratory curiosity [5]. But most would argue that
humans are the only species that can harness the products of curiosity, what English
philosopher Thomas Hobbes described as ‘the continual and indefatigable gener-
ation of knowledge’ [1], and reinvest them to produce exponential amounts of more
curiosity (see figure 1.1).

There are many examples of the exponential growth of knowledge that is fed
through curiosity. One of them was the development of animal collections and plant
specimens. What started as ‘cabinets of curiosities’ in the 17th century grew to
become enormous private and public science museums world-wide. Another one was
the compilation of scientific information in written form, starting from the science
treatises of Ptolemy, Anaximander and Aristotle, and culminating with the terabytes
of scientific information stored on the internet and in ‘the cloud’. How about
the growth and complexity of technology? Ancient Greeks who marveled at the
complexity of the Antikythera mechanism (figure 1.2) would be mesmerized by
today’s manufacturing, communications, medical and space technologies.

When talking about space exploration, many scholars have pointed out that the
main motivations to engage in it are war, greed, or the celebration of power [6].
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Figure 1.1. Children are born scientists; a child’s curiosity is unbridled by preconceptions or expectations.
Photo courtesy of Mads Bodker.

Figure 1.2. The Antikythera mechanism, a 200 BC mechanical computer that used gears to map the positions
of some celestial bodies at a given date. Photo courtesy of Tilemahos Efthimiadis, National Archaeological
Museum, Athens, Greece.
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However, it could be argued that curiosity is, at least, a much more fundamental
and benign driver of human exploration. Part of the reason for this curiosity is how
difficult it is to explore ‘out there’; regions and objects in the Universe with
temperatures near absolute zero or millions of kelvins, places so far away that their
light has not reached us yet, celestial objects so sneaky that they emit waves we
cannot see and even ‘stuff’ unlike any type of matter we know.

And yet, we have learned a lot about our Universe, near and far. Human curiosity
has led not only to the drive to explore space, but to the development of manned and
unmanned technologies that are capable of collecting data from the Earth’s surface,
Earth’s orbit, or by visiting faraway places.

1.2 Observations from afar
One of the easiest ways to explore space is to see it with our own eyes. Thousands of
years ago, ancient civilizations already knew that there were two main types of small
celestial bodies. The first type, stars, alwaysmoved east towest in the night sky, almost
always kept the same brightness andwere always at the same distance from each other;
that is, no relative motions were observed. The second type, planets, did show relative
motionwith respect to other stars and could be brighter or dimmer than normal. Some
of them occasionally showed retrograde or backwards motion, at least temporarily.

Eventually, instruments were designed to locate and measure the position and
motion of stars and planets (figure 1.3). One of these is called the planispheric
astrolabe and it was used to estimate time, predict sunrise and sunset, locate planets
and identify star placement and altitude in the sky. Basically, an astrolabe has a map

Figure 1.3. The members of the prime crew of the Apollo 13 lunar landing mission demonstrate the astrolabe
(right) and the octant (left), two essential instruments in early visual astronomy. Photo courtesy of NASA.
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of the local sky engraved on a flat disk that rotates over another disk with an
intricate pattern of arcs that represents local horizontal coordinates. On the reverse
side, the instrument provides an altitude meter. This two-in-one instrument has
many practical astronomical applications, such as the determination of the time
from a single altitude measurement of the Sun or a star [7]. The astrolabe evolved
into smaller, simpler instruments such as the octant, or reflective quadrant.

Another instrument of immeasurable importance in visual astronomy is the
telescope. Improved and popularized by Galileo Galilei, the refractive telescope uses
two lenses to show a magnified image of celestial objects. In 1610, Galileo published
the booklet Sidereus Nuncius, in which he shared his telescopic discoveries in the sky,
including Jupiter’s four largest moons, topographic details of our moon and the
myriad stars that make up the Milky Way. In the 1660s, Isaac Newton invented the
reflecting telescope using mirrors instead of lenses to obtain sharper images. It uses a
large mirror to collect and focus the light into a secondary mirror and an eyepiece. An
advantage of the reflecting telescope is its portability; it is an essential tool for ‘star
parties’, astronomy outreach to schools and the general public (figure 1.4).

Scientists soon noticed that the larger the area of the lens or mirror, the more light
could be focused on an eyepiece, improving the brightness as well as the resolution of
the sharper images. Since lenses cannot be made very large due to weight and
aberration issues, most large telescopes are of the reflective variety. One of the largest
optical telescopes is located at theWMKeck Observatory, on the summit of Hawaii’s
dormant Mauna Kea volcano. The Keck telescopes’ primary mirrors are 10 m in
diameter, divided into 36 hexagonal segments that work in concert as a single unit.

Figure 1.4. Children and adults alike enjoy attending ‘star parties’ like this one, offered in Old San Juan,
Puerto Rico. Photo courtesy of Eddie Irizarry/Astronomical Society of the Caribbean.
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One disadvantage of Earth-based telescopes is that Earth’s atmosphere is
not perfectly transparent. Turbulence and dust distort astronomical images. One
potential solution to this problem is to build telescopes on top of the highest
mountains, thereby reducing the amount of atmosphere that light must go through
before it arrives at the instruments. Another option is to have no atmospheric
interference at all, that is, placing a telescope in orbit around Earth.

The Hubble Space Telescope (figure 1.5), essentially a Newtonian telescope, has
been in orbit around Earth since 1990. It has accomplished a very long list of
discoveries, including observing celestial objects in unprecedented detail. Hubble has
observed and recorded evidence of ultraviolet light emission (blocked by Earth’s
atmosphere), the formation of young stars, early planet formation, supermassive
black holes, indirect evidence for exoplanets, and an accelerated expansion of the
Universe [8].

A final word about telescopes. Even though many telescopes collect and focus
light, others can use digital technologies that detect other types of electromagnetic
waves, waves that our eyes cannot see. Since different astronomical phenomena
produce different types of radiation, it is important to ‘see’ celestial objects in x-rays
(e.g. Chandra Space Observatory), in gamma rays (e.g. Fermi Space Telescope), in
ultraviolet (e.g. Hubble Space Telescope, Far Ultraviolet Spectroscopic Explorer),
infrared (e.g. Herschel Space Observatory, James Webb Space Telescope—scheduled
to launch in 2018), in microwaves (e.g. WilkinsonMicrowave Anisotropy Probe) and

Figure 1.5. The Hubble Space Telescope (HST), after deployment on the second servicing mission
(HST SM-02). Note the telescope’s open aperture door. Photo courtesy of NASA.
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in radio waves (e.g. Arecibo Radio Observatory, figure 1.6). These data allow
scientists to learn much more about space.

1.3 Personal visits
One of the first things scientists needed to accomplish to explore space directly was
to temporarily overcome the Earth’s gravitational attraction, sending objects and
people into orbit. To do this we learned how to design rockets, how to computerize
as many processes as possible and, in particular, to understand the long term
physiological effects humans might endure if they want to personally explore the
Solar System and beyond. For example, we know that low linear energy transfer
radiation, galactic cosmic radiation and proton radiation due to solar particle events
pose a threat to humans in space, especially if we leave the protection of the Earth’s
magnetic field [9].

Experiencing weightlessness for more than a few months causes a number of
negative physiological effects, including loss of bone and muscle tissue, and vision
problems [10, 11]. The isolation and inability to see family or friends might cause as
yet unknown psychological effects. From the astronauts that have inhabited the
International Space Station, we have learned that an extensive routine of cardio-
vascular exercises is essential to maintain muscle tone and bone density. Engineers
have adapted exercise bikes, treadmills and resistive exercise machine, among
others, so that they can effectively work in a weightless environment (figure 1.7).
Astronauts’ fitness parameters are carefully monitored and exercise routines are
adjusted accordingly.

Figure 1.6. At the Arecibo Observatory, one of the authors (in a green shirt) and several science teachers from
schools in Puerto Rico explore the 900-ton platform that houses instruments for detecting or emitting radio
waves. The main telescope’s spherical reflector, 305 m in diameter, is about 140 m below the platform.
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Another place that we explored directly was the surface of the Moon. Between
July 1969 and December 1972, six Apollo Missions landed on our natural satellite.
Although the astronauts completed a number of experiments, scientists were
particularly curious to see whether returned samples could shed light on the
formation of the Moon. Before the 1960s, several theories were postulated to
explain the origin of the Moon [12, 13]:

• Capture: the Moon formed elsewhere in the Solar System, was passing by and
was captured by the Earth’s gravity.

• Fission: the Earth’s rotation flung out the material that would form the
Moon.

• Condensation: the Moon and Earth formed at the same time from the same
material.

• Collision: two large planetesimals collided, one ejected piece became the
Moon and the other became the Earth.

• Ring ejection: a planetesimal the size of Mars collided obliquely with an already-
formed Earth; the ejecta created a ring, which coalesced to form the Moon.

An analysis of the physical and chemical composition of the Moon rocks
supported the ‘ring ejection’ theory of moon formation [14].

Figure 1.7. Expedition One mission commander William Bill Shepherd is photographed exercising on the ISS
treadmill in the Zvezda Service module. Note that the astronaut is strapped to the treadmill; elastic bands to
his left and right provide a downward pull equivalent to that of gravity. Photo courtesy of NASA.
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1.4 Robotic visits
Not only do manned space missions constantly endanger the life of astronauts, they
also complicate the design of spacecraft because life-sustaining cargo and systems
need to be included. This has resulted in the increasing use of semi-automated probes
to explore space, remotely controlled by a crew of scientists, engineers and
technicians. It is much easier to design an unmanned space probe.

We have sent unmanned probes to the Sun (Ulysses, SOHO), the Moon (Luna
missions, Lunar Reconnaissance Orbiter), the inner planets (Magellan, Venera,
Mariner 10, Viking), the outer planets (Galileo, Cassini, figures 1.8 and 1.9;
New Horizons), asteroids (NEAR Shoemaker) and comets (Deep Impact,
Rosetta). Currently, Voyager 1 and 2, launched in 1977, are reaching beyond the
Kuiper Belt into interstellar space. Voyager 1 is more than 130 AU from Earth;
Voyager 2 travels in a different direction and it is more than 108 AU from us. One
AU, or astronomic unit, is equivalent to 93 million miles or 150 million km.

These space probes include communication systems for sending and receiving
data, and a number of instruments that can measure phenomena from electro-
magnetic waves to magnetic and gravitational fields. Optical cameras allow scientists
to take stunning pictures in unprecedented detail.

Figure 1.8. In 1992, the Galileo spacecraft returned color-enhanced images of the Moon. Photo courtesy of
NASA.
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Scientists have learned a lot from these missions. For example, recent data from
the Voyager probes suggest that the Sun’s zone of influence, called the heliosphere, is
not symmetric. This revealed a new understanding of the interaction between the
heliopause—the boundary between the Sun’s influence and the interstellar medium—

in the form of termination shocks and plasma flows [15].
The exploration of Mars using rovers such as Spirit and Opportunity have

revealed that the planet is currently inhospitable to life. Scientists now know that it
once had a climate that could have supported life billions of years ago, that briny
liquid water might exist closer to the surface than previously thought, that organic
molecules are present in some of Mars’ soil and that the cosmic radiation dose from
space at ground-level is about 600 times that of Earth’s surface [16–18].

In November 2014, the European Space Agency’s Rosetta mission’s Philae lander
touched down on the surface of comet 67P/Churyumov–Gerasimenko (figure 1.10).
Here we discovered, among other things, that the majority of outgassing activity
from the comet is occurring near the middle of the dumbbell-shaped comet, that
its surface is more hydrocarbon-rich, complex and varied that previously thought,
and that a cloud of particles orbit the comet despite its minute gravitational
attraction [19–22].

Figure 1.9. The Cassini spacecraft, before it was launched in 1997. It was able to perform 27 different
investigations to probe the mysteries of the Saturn system. Photo courtesy of NASA.

Searching for Habitable Worlds

1-9



In this chapter, the reader became familiar with why humans feel compelled to
explore the unknown, what instruments we use to learn from the electromagnetic
waves we receive on Earth from outer space, and how humans have sent manned
and unmanned explorers to collect even more data. The next chapter focuses on the
exploration of a specific type of astronomical object, planets, both inside and outside
the Solar System.
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