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Introduction 
Astronomy begins with a simple act: going outside and looking up. From that 

starting point, this paper works outward, tracing a continuous line of reasoning from 

what the naked eye can see on a clear night to the largest structures and longest 

timescales the universe contains. The approach throughout is consistent: observe a 

phenomenon, explain it with the underlying physics, and use that explanation as a 

foundation for the next question. Naked eye observation gives way to the mechanics 

of gravity, tides, and orbital motion; those, in turn, explain the architecture of the 

solar system, world by world. From there the same reasoning extends outward 

through the physics of light, the life cycles of stars, the structure of galaxies, and 

finally the origin, history, and eventual fate of the universe as a whole. 

What emerges from this progression is a single recurring pattern. Each advance 

in astronomical understanding has displaced humanity from a position of apparent 

cosmic centrality: geocentrism gives way to heliocentrism, the Sun turns out to be an 

ordinary star among hundreds of billions, and the Milky Way turns out to be one 

galaxy among perhaps 100 billion. Yet each of these displacements has come with an 

increase, not a decrease, in the depth and precision of human understanding. That 

tension, between a shrinking sense of physical importance and a growing command 

of physical knowledge, is the throughline connecting every topic covered here. 
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What Astronomy Is 
Astronomy is often defined simply as the study of things in the sky, but that 

definition strains once modern practice is considered. A rover exploring the surface of 

Mars is arguably doing geology, chemistry, and hydrology as much as astronomy, and 

many of the people who make astronomical discoveries possible, engineers, 

programmers, technicians, and science communicators, never look through a 

telescope at all. The professional category of astronomer has become 

correspondingly broad: it includes anyone whose work depends on understanding 

what is happening in space, whether or not their own hands ever touch an eyepiece. 

Science itself is best understood as a self correcting method rather than a fixed 

body of facts. It requires observation, hypothesis, honest testing, and a willingness to 

be shown wrong. This distinction matters historically, because it separates astronomy 

from astrology, the older, superficially similar practice of reading celestial events as 

omens or causes of human affairs. Astrology shares astronomy's surface method 

(observe the sky, make predictions) while failing its central requirement: honest, 

falsifiable testing. Predictions that fail are simply forgotten while hits are remembered, 

a form of confirmation bias not unlike the psychology that keeps people feeding 

coins into a slot machine. 

For over a thousand years, the dominant model of the cosmos was geocentric: 

an Earth centered universe with nested crystalline spheres carrying the Sun, Moon, 

planets, and stars, formalized by Ptolemy and endorsed by Aristotle. Nicolaus 

Copernicus proposed a heliocentric alternative in 1543, but he retained circular 

orbits, which still produced inaccurate predictions. The decisive step came when 

Johannes Kepler, using Tycho Brahe's precise observational data, realized that 
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planetary orbits are ellipses rather than circles. This finally reconciled theory with 

observation and effectively ended geocentrism as a viable model. Isaac Newton then 

supplied the underlying physics, inventing calculus in part to explain why Kepler's 

orbits took the shape they did, through universal gravitation. 

Three further revolutions followed: the application of rigorous mathematics and 

physics to celestial motion; the telescope, improved (though not invented) by Galileo 

and later redesigned as a mirror based reflector by Newton; and, over the past two 

centuries, photography followed by digital detectors, which let astronomers capture 

light far fainter than the human eye can register and place telescopes in orbit above 

the atmosphere's distorting effects. The result is a set of facts that would have been 

unthinkable to earlier astronomers: the Milky Way is one of roughly 100 billion 

galaxies, humans can directly observe only about 4 percent of the universe's total 

mass and energy content, and the most common type of star is too faint to see 

without a telescope. 

Naked Eye Observations of the Night Sky 
Long before telescopes existed, careful observation of the unaided sky revealed 

a great deal about the universe. A person with normal vision under a dark sky can see 

roughly 6,000 to 10,000 stars total, though only a few thousand are above the 

horizon at any moment. Their brightness varies for two independent reasons: 

intrinsic luminosity (some stars genuinely emit more light than others) and distance 

(light dims with distance). Of the two dozen brightest stars visible from Earth, about 

half are bright because they are close, and the other half are bright because they are 
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extremely luminous despite being far away, a reminder that a single observed effect 

can have more than one physical cause. 

The ancient Greek astronomer Hipparchus created the first star catalog and 

ranked stars by brightness using a magnitude system: the brightest stars were called 

first magnitude, the faintest visible to the eye, sixth magnitude. A refined version of 

this scale is still in use today. The faintest objects detectable by the Hubble Space 

Telescope are around magnitude 31, roughly 10 billion times fainter than what the 

naked eye can see, while Sirius, the brightest star in the night sky, is about 1,000 times 

brighter than the faintest naked eye star. Only the brightest stars show visible color 

(Vega blue, Betelgeuse red, Arcturus orange, Capella yellow), because the human eye's 

color receptors are not sensitive enough to register color in faint light; fainter stars 

simply appear white. 

Humans are pattern recognizing animals, and ancient observers grouped stars 

into constellations. Today there are 88 officially recognized constellations with 

formally defined boundaries, comparable to state lines on a map. Not every familiar 

star group is a full constellation; the Big Dipper, for instance, is only part of the 

constellation Ursa Major. Most bright stars carry proper names, many preserved in 

Arabic through the astronomer Abd al Rahman al Sufi, who translated Greek 

astronomical texts during Europe's Dark Ages; fainter stars are catalogued using 

Bayer's Greek letter system (Alpha, Beta, and so on by constellation) or simple 

numerical designations. 

Light pollution is a genuine obstacle to naked eye astronomy: artificial light 

scattered upward washes out faint objects and can erase the visible Milky Way from 

cities entirely, harming both astronomical observation and nocturnal wildlife. Groups 
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such as the International Dark Sky Association and Globe at Night promote better 

shielded lighting fixtures that direct light downward instead. The sky itself rotates 

once per day, a reflection of Earth's own rotation, with the celestial poles and equator 

mirroring Earth's geography. Polaris sits very near the north celestial pole and appears 

nearly stationary, while stars nearer the celestial equator trace large daily circles; 

which stars are visible depends entirely on an observer's latitude. Five planets, 

Mercury, Venus, Mars, Jupiter, and Saturn, are visible to the naked eye, and unlike 

stars they do not twinkle, because their larger apparent disks are less affected by 

atmospheric turbulence than a star's pinpoint light. 

Cycles in the Sky: Seasons, the Zodiac, and Precession 
Beyond a single night, the sky changes on longer cycles as well. Because Earth 

orbits the Sun, the perspective from which the background stars are viewed shifts 

slightly every day; over weeks and months, stars appear to rise and set about four 

minutes earlier each night, and entirely new constellations become visible after sunset 

as the months pass. Equivalently, the Sun itself appears to trace a path across the 

background stars over the course of a year. This apparent path is called the ecliptic, 

and it is a direct reflection of Earth's own orbital plane. The band of constellations 

the Sun passes through along the ecliptic is called the zodiac. Because the planets 

orbit the Sun in nearly the same plane as Earth, they too appear to move along the 

ecliptic; inner planets (Mercury, Venus) shift position visibly within a single night, 

while outer planets move more slowly. 
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Earth's rotational axis is tilted 23.5 degrees relative to its orbital plane, and this 

tilt, not Earth's distance from the Sun, causes the seasons. Earth is actually closer to 

the Sun in January than in July, so the varying angle and duration of sunlight, not 

orbital distance, determines seasonal temperature. When a hemisphere is tilted 

toward the Sun, sunlight strikes more directly and days are longer, producing summer; 

the opposite hemisphere experiences winter at the same time, which is why the 

seasons are reversed between the Northern and Southern Hemispheres. 

Earth's axis also slowly wobbles, like a spinning top, tracing a circle roughly 47 

degrees across over a period of about 26,000 years, a motion called precession. This 

has two visible long term consequences. First, the identity of the pole star changes 

over millennia; ancient Egyptians used Thuban as their pole star, and in roughly 

11,000 years the bright star Vega will take over that role from Polaris. Second, the 

position of the Sun against the zodiac at a given calendar date slowly drifts. When 

ancient astrologers first mapped the zodiac, the Sun was in Aries at the vernal 

equinox, but due to precession it is now in Pisces, one of many reasons astrology is 

scientifically unfounded, since a given sign no longer corresponds to where the Sun 

actually sits in the sky. 

The Phases of the Moon 
The Moon's phases are explained purely by geometry, not by Earth's shadow. 

The Moon is an airless, roughly 3,500 kilometer diameter ball of rock with a dark, 

asphalt like surface that appears bright only because it reflects direct sunlight. Like 

any sphere in sunlight, exactly half of the Moon is illuminated at any given moment; 
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what changes is how much of that illuminated half faces Earth, a boundary called the 

terminator. 

The cycle begins at new moon, when the Moon sits between Earth and the Sun 

so that its dark side faces us; because it is so near the Sun in the sky, it rises and sets 

with the Sun and is essentially invisible. As the Moon moves along its orbit, a thin 

waxing crescent appears low in the west after sunset, thickening into a waxing 

gibbous phase. About one week after new moon the Moon reaches first quarter, called 

quarter because the Moon is one quarter of the way through its orbital cycle, even 

though it visually looks half lit, with the terminator bisecting the disk. Two weeks after 

new moon, the Moon stands opposite the Sun in the sky at full moon, rising at sunset 

and remaining visible all night. The cycle then reverses through waning gibbous, third 

quarter, and waning crescent before returning to new moon roughly 29.5 days after it 

started, the origin of both the word month and its near identical linguistic cousin 

moon. 

Because the Moon is up during the day exactly as often as at night, and because 

rise and set times shift roughly fifty minutes later each day as the Moon moves along 

its orbit, the visible phase and timing form a predictable, repeating clock. From the 

Moon's surface, Earth would go through the mirror image set of phases; a full Earth is 

visible from the Moon during Earth's new moon, and so on. This explains earthshine: 

during a thin crescent moon, sunlight reflected off the nearly full Earth (about fifty 

times brighter than a full moon, owing to Earth's size and higher reflectivity) faintly 

illuminates the Moon's dark portion, an effect poetically called the old moon in the 

new moon's arms. 
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Solar and Lunar Eclipses 
Eclipses occur because of a remarkable coincidence: the Sun is about 400 times 

wider than the Moon and, at present, also about 400 times farther away, so the two 

bodies appear almost exactly the same size in Earth's sky. A solar eclipse occurs when 

the Moon passes directly between Earth and the Sun, casting a shadow on Earth's 

surface; a lunar eclipse occurs when Earth passes between the Sun and Moon, casting 

Earth's shadow onto the Moon. Because the Moon's orbit is tilted about 5 degrees 

relative to Earth's orbital plane, eclipses do not happen at every new and full moon; 

the Moon usually passes above or below the Sun in the sky. The alignment recurs 

often enough that at least two solar eclipses, and sometimes as many as five, occur 

somewhere on Earth each year. 

Every shadow casting eclipse involves two shadow regions: the umbra, a narrow, 

fully dark cone from which the Sun (or, for lunar eclipses, sunlight on the Moon) is 

completely blocked, and the wider, partially shadowed penumbra. A total solar eclipse 

occurs only within the narrow path of the Moon's umbra as it sweeps across Earth's 

surface; totality never lasts more than about 7 to 8 minutes at any one location, the 

maximum time the umbra can linger over a single spot. During totality, the Sun's faint 

outer atmosphere, the corona, becomes visible as delicate streamers around the 

blackened solar disk. Irregularities in the Moon's edge produce Baily's beads, points of 

sunlight shining through lunar valleys, just before and after totality, and a final bright 

point combined with the corona's ring can create the diamond ring effect. If the Moon 

is near the far point of its elliptical orbit during a solar eclipse, its apparent size is too 

small to fully cover the Sun, producing an annular eclipse: a ring of sunlight around 

the Moon's silhouette. 
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Staring at the uneclipsed Sun is always dangerous, but the greatest specific risk 

during a total eclipse is the sudden bright flash immediately after totality ends, when 

dilated pupils are caught off guard; proper eclipse filters, not improvised materials like 

exposed film or CDs, are essential. Lunar eclipses, by contrast, are entirely safe to 

view directly, can last nearly two hours, and are visible from the entire night side 

hemisphere of Earth rather than a narrow path, which is why lunar eclipses are 

observed far more commonly. The Moon can take on a deep red or orange hue during 

totality, because the only sunlight reaching it has been refracted through Earth's 

atmosphere, effectively the combined light of every sunrise and sunset on Earth at 

that moment. Ancient Greeks used the curved shape of Earth's shadow on the Moon 

during lunar eclipses as direct evidence that Earth is spherical, and used the shadow's 

geometry to estimate the relative sizes of Earth and Moon nearly 2,000 years before 

the telescope. Because the Moon recedes from Earth by about 4 centimeters per year, 

in roughly a billion years it will be too distant to fully cover the Sun, ending total solar 

eclipses permanently. 

Telescopes and How They Work 
A telescope's primary purpose is not magnification but light collection. An 

objective, a lens or mirror, acts like a bucket in the rain, catching far more light than 

the human eye's small pupil can gather on its own and funneling it to a focus. Because 

collecting area scales with the square of the objective's diameter, doubling a 

telescope's aperture quadruples its light gathering power, and a tenfold increase in 

diameter yields a hundredfold increase, which is why bigger telescopes reveal fainter 

objects. 
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Early telescopes used lenses to refract, or bend, incoming light to a focus; 

refraction has the side effects of inverting and mirror flipping the image and, because 

different wavelengths of light bend by different amounts, introducing chromatic 

aberration, or color fringing. Isaac Newton addressed both problems by inventing the 

reflecting telescope, which uses a curved mirror instead of a lens. Reflectors have 

decisive practical advantages: only one optical surface needs polishing, and a mirror 

can be supported from behind, allowing much larger apertures at lower cost, which is 

why virtually every large professional telescope built today is a reflector. 

A second, distinct capability of telescopes is resolution: the ability to distinguish 

two close objects as separate, much as a pair of headlights merges into one light at a 

distance and separates as they draw near. Resolution, which also improves with 

aperture size, matters more fundamentally than magnification, since magnifying an 

image beyond what a telescope can actually resolve produces only a blurred mush. 

For a first telescope, binoculars are often the better starting point: versatile, 

inexpensive, and useful even for daytime activities like birdwatching, with public star 

parties at local observatories or astronomy clubs a good way to compare instruments 

before committing to a specific telescope. 

Telescopes need not be limited to visible light. William Herschel discovered 

infrared light in 1800, and astronomers have since built specialized instruments, 

including large metal dishes for radio waves, to observe radio, microwave, ultraviolet, 

X ray, and gamma ray light, as well as detectors for subatomic particles like neutrinos 

and cosmic rays. The invention of astronomical photography in the 1800s allowed 

long exposures to reveal objects far fainter than instantaneous human vision, and the 

more recent shift to digital detectors, tens of times more sensitive than film, has 
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enabled automated, remote, and space based observation, including telescopes 

placed above Earth's blurring atmosphere: a revolution that rivals the original 

invention of the telescope in importance. 

Gravity and Orbital Motion 
Life on a planet's surface gives a misleading intuition about motion. In the largely 

empty vacuum of deep space, an object set in motion would simply continue moving 

forever, per Newton's first law, whereas on Earth a thrown object always falls back 

down because of gravity, a force that weakens rapidly with distance but never 

disappears entirely. 

Mass is defined operationally as the amount of stuff an object contains, distinct 

from its size (two objects of equal mass can have very different volumes, that is, 

different densities) and distinct from weight. Physically, mass measures an object's 

resistance to a change in motion, its inertia, and every object with mass also generates 

gravity. The gravitational force between two objects depends on the mass of each 

and, critically, on the square of the distance between their centers: doubling the 

distance cuts the force to one quarter, and a tenfold increase in distance cuts it to one 

hundredth. 

Orbital motion is best understood as a form of continuous falling. A rock 

dropped straight down falls into the ground; a rock thrown harder falls farther before 

landing; and if thrown hard enough sideways, a rock will fall at the same rate the 

curved Earth falls away beneath it, so it never actually lands. It perpetually falls and 

misses, tracing a circular orbit. Johannes Kepler showed that orbits are more 

generally ellipses rather than perfect circles; throwing the rock harder elongates the 
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ellipse. Beyond a certain speed, the escape velocity, an object's outward momentum 

outpaces gravity's weakening pull and it leaves permanently, following an open, non 

repeating parabolic or, with even more speed, hyperbolic path rather than a closed 

orbit. Escape velocity depends on an object's mass and size: about 11 kilometers per 

second for Earth, 58 kilometers per second for Jupiter, and 600 kilometers per 

second for the Sun. 

Astronauts aboard the International Space Station are not somehow beyond 

Earth's gravity; at ISS altitude, Earth's gravitational pull is still about 90 percent of its 

surface strength. What astronauts actually experience is weightlessness, because they 

and their spacecraft are in continuous free fall around Earth. Weight is technically 

defined not as the force of gravity itself but as the force a supporting surface exerts 

back against an object, which is absent in free fall even though gravity and mass 

remain unchanged. Even massless light is bent by gravity, because gravity actually 

warps the fabric of space itself, a concept developed further in the discussion of black 

holes. 

Tides 
Tides arise from the fact that gravity is measured from an object's center of mass 

and weakens with distance, so different parts of an extended body feel slightly 

different gravitational pulls from a nearby massive object; this differential force is the 

tidal force. Because the Moon's gravity is noticeably stronger on the side of Earth 

facing it than on the far side, Earth is stretched into a slightly football shaped object 

with two tidal bulges: one facing the Moon, pulled toward it more strongly than 

Earth's center, and, counterintuitively, one facing directly away, where Earth's center is 
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pulled toward the Moon more strongly than the far side is. As Earth rotates beneath 

these two fixed bulges, any given coastal location passes through high tide, low tide, 

high tide, and low tide roughly every 24 hours, explaining the familiar twice daily tidal 

cycle. 

Because Earth rotates faster than the Moon orbits, friction drags the tidal bulge 

slightly ahead of the Earth Moon line. That leading bulge's own gravity pulls the Moon 

forward in its orbit, which paradoxically raises the Moon into a slightly higher orbit (it 

is measurably receding from Earth by a few centimeters per year), while the Moon's 

reciprocal pull on the bulge acts as a brake on Earth's rotation, very gradually 

lengthening the day. The same process in reverse, over billions of years, eventually 

locked the Moon's own rotation to its orbital period, which is why the same lunar face 

always points toward Earth; this mechanism has locked the rotation of most large 

moons throughout the solar system to their host planets. 

The Sun also raises tides on Earth, and despite its far greater mass, its far greater 

distance means its tidal effect is only about half the Moon's. Spring tides (extra high 

highs and extra low lows) occur at new and full moon, when the Sun's and Moon's 

tidal bulges align and reinforce each other; neap tides, with a smaller tidal range, 

occur at first and third quarter, when the two bulges are offset and partially cancel. 

Tides are universal: any two orbiting massive bodies raise tides on each other, tidal 

locking is common among binary stars and exoplanets orbiting close to their host 

stars, and near a black hole tidal forces can become so extreme they stretch an object 

into a long thin strand, a process astronomers call spaghettification. 
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The Architecture of the Solar System 
The solar system consists of everything held in the Sun's gravitational sway; the 

Sun itself accounts for more than 98 percent of the system's total mass, with Jupiter, 

the next most massive object, still only about one tenth the Sun's diameter and less 

than 1 percent of its mass. Ancient Greeks had already measured Earth's size fairly 

accurately and knew it was spherical, but assumed it was motionless, and Aristarchus 

of Samos's early heliocentric proposal was overshadowed by the geocentric models of 

Ptolemy and Aristotle, which endured for over a thousand years. 

Because the term planet resists a rigorous, exception free definition, roundness, 

having moons, and relative size all fail as criteria, since some moons and asteroids are 

round, some planets lack moons, and Jupiter's moon Ganymede is larger than the 

planet Mercury, planet is best treated as a useful but inherently fuzzy concept, 

comparable to continent. There is no rigorous definition separating Australia from 

Greenland, yet the term remains useful. This framing sidesteps the long running Pluto 

controversy: rather than adjudicate Pluto's planetary status, it is simplest to treat 

Pluto as one of what may be millions of fascinating worlds beyond Neptune. 

All major solar system bodies orbit in roughly the same flat plane, and further 

large scale patterns are evident: the four inner planets, Mercury, Venus, Earth, and 

Mars, are small and rocky; the next four, Jupiter, Saturn, Uranus, and Neptune, are 

much larger with thick atmospheres; the main asteroid belt lies between Mars and 

Jupiter; a disk shaped population of icy Kuiper Belt objects lies beyond Neptune; and 

a vast, roughly spherical population of icy bodies called the Oort Cloud surrounds the 

entire system at far greater distance, unconstrained by the system's orbital plane. 
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These patterns are explained by a formation model. Roughly 4.6 billion years 

ago, a slowly rotating interstellar gas cloud, possibly compressed by a nearby 

supernova shockwave or a passing cloud, began to collapse under its own gravity. 

Conservation of angular momentum, the same effect that speeds up a spinning ice 

skater who draws in their arms, caused the cloud to flatten into a rotating disk as it 

collapsed, with material accumulating at the center to eventually ignite as the 

protosun. Closer to the new Sun, only rocky and metallic material could survive the 

heat, forming the small terrestrial planets; farther out, in colder regions with more raw 

material, growing protoplanets could retain light gases like hydrogen and helium, 

becoming gas giants. Icy bodies beyond Neptune remained small because material 

there was too sparse for frequent growth producing collisions, while material between 

Mars and Jupiter was prevented from coalescing into a planet by Jupiter's disruptive 

gravity, leaving the asteroid belt instead. Astronomers observe protoplanetary disks 

and forming planets around other young stars today, directly confirming that the 

same process that built our solar system is ongoing elsewhere in the galaxy. 

The Sun 
The Sun is a large but unexceptional star, in the top 10 percent by size and mass 

among stars in the galaxy, since the vast majority of stars are much smaller, dim red 

dwarfs. It is nonetheless the dominant object in the solar system: roughly 1.4 million 

kilometers across, more than 100 Earth diameters, and about 300,000 times Earth's 

mass. At its core, crushing pressure (260 billion times Earth's atmospheric pressure) 

and temperature (about 15 million degrees Celsius) fuse hydrogen into helium, 

converting roughly 700 million tons of hydrogen into 695 million tons of helium every 
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second. The missing 5 million tons is converted to energy via E = mc squared, 

equivalent to detonating about 400 billion one megaton nuclear weapons every 

second. Energy generated in the core takes an estimated 100,000 to 200,000 years 

to work its way outward as photons repeatedly absorbed and re emitted by dense 

solar material, meaning the sunlight reaching Earth today began its journey around 

the time Homo sapiens first appeared in Africa. 

The Sun's structure is layered: above the fusing core lies a region where energy 

transfer switches to convection, visible on the surface as granulation, then the 

relatively thin, cooler photosphere, the visible surface where the Sun's gas finally 

becomes transparent to light, and finally the extremely hot but extremely tenuous 

corona, an atmosphere like outer layer normally invisible except during total solar 

eclipses or with specialized instruments, which merges outward into the solar wind, a 

continuous stream of charged particles blowing outward at speeds often exceeding a 

million kilometers per hour. 

Because the Sun's interior is a plasma of charged particles in motion, it generates 

powerful, tangled magnetic fields via convection combined with rotation. Where 

these magnetic field lines become tangled and trap rising plasma at the surface, the 

plasma cools and dims, producing dark sunspots, often larger than Earth, ringed by 

brighter faculae where the concentrated field further heats the surrounding material; 

the net effect is that sunspots slightly increase the Sun's overall energy output. Plasma 

flowing along magnetic loops can form towering arcs called prominences or 

filaments. When tangled magnetic field lines snap, like an overwound spring releasing, 

the stored energy erupts as a solar flare, and a related, larger scale eruption higher in 
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the corona is called a coronal mass ejection; both events blast high energy radiation 

and charged particles into space. 

When this material reaches Earth, most high energy light is absorbed by the 

atmosphere and most charged particles are deflected by Earth's magnetic field, but 

particles funneled toward the poles can excite atmospheric gases into glowing, 

producing the aurora. More severe events can induce strong electrical currents in 

Earth's crust capable of overloading power grids, as in the 1989 Quebec blackout and 

the historic 1859 Carrington Event; a comparably powerful 2012 storm narrowly 

missed Earth, which could have caused widespread infrastructure damage had it been 

aimed at us. Modern civilization depends on the Sun for light and heat, yet the same 

star is capable of significant technological disruption, making its study a matter of 

societal as well as scientific interest. 

The Earth as a Planet 
Earth's interior is layered: a solid inner core of iron and nickel, about 1,200 

kilometers in radius, kept solid despite temperatures around 5,500 degrees Celsius by 

the immense pressure of the overlying planet; a liquid outer core of the same 

composition, where slightly lower pressure allows the metal to remain molten, about 

2,200 kilometers thick; a roughly 2,900 kilometer thick mantle of very hot, slowly 

deformable rock that behaves like stiff plastic over geologic timescales; and a 

comparatively thin crust, divided into denser oceanic crust, about 5 kilometers thick, 

and thicker, less dense continental crust, 30 to 50 kilometers. 

The crust is broken into large plates that drift atop the convecting mantle, driven 

by heat rising from the core, at rates comparable to fingernail growth, but which 
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accumulate into dramatic continental drift over millions of years. Where plates 

diverge or collide, weaknesses in the crust allow magma to erupt as volcanoes; some 

volcanoes, like those in Hawaii, instead form over a stationary mantle plume as the 

overlying plate slowly drifts across it, producing a linear chain of volcanic islands. 

Volcanic outgassing supplied much of Earth's original atmosphere. Earth's persistent 

internal heat derives from several sources: residual heat from the planet's violent 

formation via accreting impacts, gravitational compression as the planet grew, 

ongoing radioactive decay of elements like uranium, and frictional heating as dense 

material continued sinking toward the core. 

Convection in the electrically conductive liquid outer core, organized by Earth's 

rotation into large cylindrical rolls, generates Earth's global magnetic field, roughly 

analogous to a bar magnet aligned near the spin axis. This field deflects and traps 

most of the solar wind's charged particles, protecting the atmosphere from being 

gradually stripped away; Mars, whose weak magnetic field is a likely reason it lost 

most of its atmosphere over billions of years, offers a useful contrast. 

Earth's atmosphere, conventionally defined as extending to the Karman line 100 

kilometers up, is roughly 78 percent nitrogen, 21 percent oxygen, and 1 percent argon, 

with trace gases including water vapor, concentrated in the lowest 8 to 15 kilometers, 

where it drives weather, and an ozone layer around 25 kilometers altitude that 

absorbs biologically damaging ultraviolet light. Trace atmospheric carbon dioxide, 

about 0.04 percent of the lower atmosphere, traps outgoing infrared radiation, 

keeping Earth's average temperature well above freezing; without any greenhouse 

effect, Earth would be an ice covered world. Since the Industrial Revolution, human 

activity has measurably increased atmospheric carbon dioxide, trapping additional 
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heat, melting glaciers and sea ice, raising sea levels, and acidifying the oceans. Earth is 

the only habitable planet in the solar system, and it is worth actively preserving. 

The Moon 
Earth's Moon is unusually large relative to its host planet, about a quarter of 

Earth's diameter, roughly 3,470 kilometers across, orbiting at an average distance of 

about 380,000 kilometers, a far larger ratio than any other major planet moon 

pairing. The apparent size difference between a horizon moon and an overhead 

moon, the well known moon illusion, is a psychological effect related to how the brain 

perceives the sky as a flattened dome, making the horizon seem farther away, rather 

than any actual change in the Moon's size or distance; in reality, the Moon is roughly 

the apparent size of a small pill held at arm's length. 

Internally, the Moon resembles a scaled down Earth, with a small, roughly 350 

kilometer radius, still warm iron core, a liquid outer core, a largely solid mantle, and a 

crust. Its surface divides into two terrain types: heavily cratered, ancient highlands 

(over 4 billion years old) and smoother, darker maria, basaltic lava plains roughly 3 to 

3.5 billion years old that filled in older impact basins. A major puzzle is the striking 

asymmetry between the Moon's near and far sides: the 1959 Soviet Luna 3 mission 

first photographed the far side and found it almost entirely devoid of maria, with a 

notably thicker crust than the near side. 

The leading explanation for the Moon's origin is the giant impact hypothesis: 

roughly 4.5 billion years ago, a Mars sized protoplanet, informally named Theia, 

struck the young Earth in a glancing collision, ejecting a large amount of material, 

mostly from Earth's outer layers, with some from the impactor, that rapidly coalesced 
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into the Moon at a much closer orbital distance than today. A newer refinement 

proposes that the young, still molten Moon, tidally locked early and facing an 

extremely hot, freshly melted Earth, had its near side kept molten far longer than its 

far side, producing a thicker far side crust that later impacts and lava flows could not 

penetrate as easily, explaining the scarcity of maria there. A subsequent period called 

the Late Heavy Bombardment, a surge of impacts from comets likely dislodged by the 

migration of the outer planets, is credited with much of the highland cratering seen 

today, with later lava flows creating the maria by filling in some of the resulting basins. 

The lunar surface also displays simple and complex craters (some with central 

peaks from rebounding impact material), crater chains, bright ray systems (notably 

from the crater Tycho), sinuous rilles marking ancient lava channels, lava tubes with 

collapsed skylights, and impact formed mountain ranges, since the Moon has no 

active tectonics of its own. Recent observations have found substantial water ice, 

potentially over a billion tons, trapped in permanently shadowed polar craters, a 

resource considered highly significant for future lunar exploration and settlement. 

Mercury 
As the innermost and smallest classical planet, about 4,900 kilometers in 

diameter, roughly a third of Earth's width, Mercury orbits the Sun at an average 

distance of about 58 million kilometers, completing an orbit every 88 days. Because 

its orbit lies well inside Earth's, Mercury never appears far from the Sun in the sky, a 

maximum separation of about 28 degrees, making it difficult to observe; it is always 

seen low on the horizon through significant atmospheric distortion. In 1639, Giovanni 
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Zupi's telescopic observation that Mercury goes through phases, like the Moon, 

provided further confirmation that it orbits the Sun rather than Earth. 

Mercury's orbit is the most elliptical of any planet's, ranging from about 46 to 70 

million kilometers from the Sun, so it receives more than twice as much solar energy at 

its closest approach as at its farthest. Its rotation was long assumed to be tidally 

locked one to one with its orbit, but radar observations in 1965 revealed a genuinely 

strange result: Mercury's day (58.65 Earth days) is almost exactly two thirds of its year 

(87.97 Earth days), a stable 3:2 spin orbit resonance rather than the expected 1:1 lock, 

produced by the interplay between Mercury's strong orbital eccentricity and solar 

tides. The practical consequence is an extraordinarily long and unusual solar day: it 

takes two full Mercury years, 176 Earth days, for the Sun to return to the same 

position in Mercury's sky, and at the right surface location an observer could watch 

the Sun rise, slow, briefly reverse direction, and then continue, a retrograde solar loop 

caused entirely by orbital mechanics. 

Surface knowledge of Mercury comes almost entirely from spacecraft: Mariner 

10's 1970s flybys mapped about half the planet and found it essentially airless and 

heavily cratered, while the MESSENGER probe, which orbited Mercury starting in 

2011, revealed the roughly 1,600 kilometer wide Caloris Basin, one of the solar 

system's largest impact features, and widespread compression ridges called rupes, 

formed as the planet's interior cooled and the whole planet slightly shrank, cracking 

the crust. Mercury's density is nearly as high as Earth's despite its small size, implying 

an oversized iron core that may extend three quarters of the way to the surface, 

possibly the remnant of a larger planet stripped of its outer layers by a giant impact, 

or by intense early solar heating vaporizing lighter surface material. Despite daytime 
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surface temperatures reaching about 430 degrees Celsius, permanently shadowed 

craters near Mercury's poles, cold traps that never rise above about negative 70 

degrees Celsius, have been found to contain substantial water ice, likely delivered by 

comet and asteroid impacts. 

Venus 
Venus, the second planet from the Sun, is the third brightest natural object in the 

sky after the Sun and Moon, bright enough that it is sometimes mistaken for an 

airplane or a UFO. Like Mercury, it never strays far from the Sun, up to about 45 

degrees, and displays lunar like phases through a telescope; occasionally its orbit 

carries it directly across the Sun's face as seen from Earth, an event called a transit. 

Historically, precisely timed transits allowed astronomers to calculate the absolute 

scale of the solar system using geometry, though atmospheric blurring ultimately 

limited the technique's precision; transits recur in pairs eight years apart, then not 

again for over a century. The next will not occur until December 2117. 

Venus is nearly Earth's twin in size, about 95 percent of Earth's diameter, and 

mass, about 80 percent, but it is often called Earth's evil twin: despite being farther 

from the Sun than Mercury, Venus is the hottest planet in the solar system, with a 

surface temperature around 460 degrees Celsius, hot enough to melt lead, a crushing 

surface atmospheric pressure roughly 90 times Earth's, and clouds of sulfuric acid 

whose rain evaporates before reaching the ground. This extreme state results from a 

runaway greenhouse effect: as the young Sun gradually warmed, any early Venusian 

oceans likely evaporated, and the resulting water vapor, itself a potent greenhouse 

gas, accelerated warming further, eventually baking carbon dioxide out of surface 
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rocks and driving the atmosphere into its current thick, carbon dioxide dominated, 

sulfur chemistry rich state. Lacking a global magnetic field, Venus has also had its 

lighter atmospheric elements and water stripped away by the solar wind over billions 

of years. 

Venus also rotates unusually: its day, about 243 Earth days, is longer than its 

year, and its rotation is retrograde, backward relative to its orbit and to most other 

planets, meaning the Sun would rise in the west. Its slow spin is likely why it lacks a 

strong magnetic field, and its origin is not fully understood, though a slowing or 

flipping collision has been proposed. Venus's near total lack of measurable equatorial 

bulge, its shape is close to a perfect sphere, is also attributed to this slow rotation. 

Venus lacks any moon, possibly because the Sun's gravity would perturb and 

eventually strip away any satellite so close in. 

The planet's surface, imaged primarily via radar due to the thick clouds, shows 

roughly a thousand impact craters distributed remarkably evenly and in similarly well 

preserved condition, implying the entire surface was resurfaced in one relatively brief, 

catastrophic episode roughly half a billion years ago, likely driven by extensive 

volcanism, with at least 167 volcanoes larger than 100 kilometers across identified. 

Some evidence, localized heat signatures and a drop in atmospheric sulfur dioxide 

since the 1970s consistent with a large eruption, suggests ongoing volcanic activity 

today. One speculative hypothesis frames the entire planet as a kind of slow building 

supervolcano that periodically repaves itself in catastrophic lava floods. Distinctive 

volcanic features called pancake domes, broad, flat, highly viscous lava formations, 

are cited as evidence for the character of Venusian volcanism, distinct from typical 

terrestrial volcanoes because Venus lacks plate tectonics. 
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Mars 
Mars, the fourth planet and outermost terrestrial world, orbits at roughly 228 

million kilometers from the Sun, about half Earth's diameter, with an average surface 

temperature near negative 60 degrees Celsius. Its distinctive red color comes not 

from any dramatic mythology but from fine, iron oxide dust covering much of the 

surface, mixed with darker gray basaltic volcanic rock. Early telescopic observation, 

including mistaken canal sightings, fueled speculation about a habitable or inhabited 

Mars, but the spacecraft missions of the 1960s and 70s instead revealed a dry, 

cratered, geologically dramatic but lifeless looking world. 

Mars's surface shows a striking north south dichotomy: smooth northern 

lowland plains, likely the result of a colossal ancient impact that carved a basin later 

filled by lava, versus heavily cratered, elevated southern highlands. The Tharsis bulge, 

a vast volcanic plateau probably formed over a stationary mantle plume, hosts the 

solar system's largest known volcano, Olympus Mons, along with several other giant 

shield volcanoes; evidence that Mars once had plate tectonics is inferred from this 

feature, since a moving plate over a fixed plume would explain a chain of such 

volcanoes. Also associated with the Tharsis bulge is Valles Marineris, an immense 

canyon system roughly 4,000 kilometers long, 200 kilometers wide, and 7 kilometers 

deep, about ten times longer and wider than the Grand Canyon, believed to be a 

tectonic crack rather than a water carved feature. 

Mars has permanent polar ice caps of water ice, several kilometers thick, that 

gain and lose seasonal coatings of frozen carbon dioxide up to several meters deep; 

sublimating carbon dioxide drives strong seasonal winds. Its atmosphere is thin, 

under 1 percent of Earth's surface pressure, and mostly carbon dioxide, offering little 
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protection from impacts but enough to drive dust storms, dust devils, seasonal dune 

migration, and springtime avalanches as frozen carbon dioxide destabilizes cliff faces. 

Mars has two small, irregularly shaped moons, Phobos and Deimos, likely 

captured asteroids; Phobos orbits so close and fast that it rises in the west and sets in 

the east, and tidal forces are slowly dragging it inward toward an eventual 

atmospheric breakup in a few million years. There is no strong current evidence of 

liquid water on the surface, but extensive geological evidence, dry riverbeds, lakebeds, 

sedimentary layering, water formed minerals, and likely ancient ocean basins, shows 

Mars was once far warmer and wetter, with a thicker atmosphere, before an 

unexplained shutdown of its internal magnetic dynamo left it vulnerable to solar wind 

erosion of its atmosphere and surface water over billions of years. The Curiosity rover 

has detected simple organic molecules and a transient methane spike in Martian rocks 

and atmosphere, making the search for past or present microbial life a serious 

scientific priority; future human exploration may make use of lava tube caves, 

identifiable by collapsed skylight openings, as natural shelter from radiation and dust 

storms. 

Jupiter 
Jupiter is by a wide margin the solar system's largest planet, 11 times Earth's 

width, more than 1,000 times its volume, and over 300 times its mass, enough that all 

other planets combined could fit inside it, yet it rotates faster than any other planet, 

completing a day in about 10 hours. As a gas giant, what is visible from Earth or 

through a telescope is only the tops of its clouds, organized into light colored zones 

and darker belts that circulate in opposing directions, driven by atmospheric 
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convection: rising air cools into white ammonia ice clouds (zones), while sinking air 

undergoes sunlight driven chemistry that colors it yellow, red, and brown (belts). 

These bands are not perfectly static; belts have been observed to temporarily vanish 

beneath other cloud layers and later reappear. 

The planet's most famous feature is the Great Red Spot, a colossal, centuries old 

anticyclonic storm several times wider than Earth with sustained winds around 500 

kilometers per hour, first recorded in the late 1600s; such a vortex can persist for so 

long because it is embedded in and sustained by Jupiter's own rapid rotation, though 

the storm has visibly shrunk and shifted color in recent decades for reasons not yet 

fully understood. Beneath the several hundred kilometer deep atmosphere, mostly 

hydrogen and helium with traces of ammonia, methane, and other compounds, 

Jupiter has no true solid surface; increasing pressure instead transitions the hydrogen 

smoothly into a liquid, and at greater depths still, into an exotic, electrically 

conductive state called liquid metallic hydrogen, at temperatures hotter than the Sun's 

surface. It remains uncertain whether Jupiter possesses a distinct rocky or metallic 

core at all. 

Jupiter's rapid rotation, combined with its largely fluid interior, gives it a 

measurably flattened shape, about 6 percent wider at the equator than pole to pole. 

Jupiter is often mistakenly called a failed star, but stellar hydrogen fusion requires 

roughly one twelfth the Sun's mass, and Jupiter has only about one thousandth the 

Sun's mass; it would need roughly 80 more Jupiter masses added to it to become a 

star. Jupiter is not a failed star; it is a highly successful planet. It does radiate more 

heat than it receives from the Sun, a residual formation heat effect driven by ongoing 
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slow gravitational contraction, and this internal heat, rather than solar heating, is the 

primary driver of its dynamic belts, zones, and storms. 

Jupiter also has a strong magnetic field, generating its own aurorae, and a faint 

dust ring, discovered only via spacecraft, likely formed from debris kicked up by 

meteoroid impacts on its small inner moons. Its immense gravity attracts frequent 

impacts, most dramatically the 1994 collision of the fragmented comet Shoemaker 

Levy 9, whose multiple impacts left visible scars in Jupiter's atmosphere for months; 

there remains ongoing debate over whether Jupiter's gravity is, on balance, protective, 

flinging incoming comets out of the inner solar system, or hazardous, occasionally 

redirecting comets toward Earth. 

The Moons of Jupiter 
Jupiter's powerful gravity allows it to hold onto an enormous retinue of moons, 

dozens confirmed and counting, depending on how small an object is counted as a 

moon. Galileo's 1610 discovery of the four largest moons, now called the Galilean 

moons, was pivotal evidence against geocentrism, since it directly demonstrated that 

not everything in the solar system orbits Earth. 

Ganymede, the largest moon in the solar system, larger even than the planet 

Mercury, is composed of rock and ice with a likely liquid iron core generating its own 

magnetic field; its surface mixes ancient cratered terrain with younger, smoother 

regions crossed by mysterious grooves possibly related to tidal stress from the other 

large moons, and magnetic and Hubble observations indicate a substantial salty 

subsurface ocean. Callisto, the next largest, is similarly rock and ice but shows an 

ancient, heavily cratered surface with no evidence of tectonic or volcanic resurfacing, 
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and orbits far enough out that it does not gravitationally interact strongly with the 

other three large moons. 

Io, only slightly larger than Earth's Moon, is the most volcanically active body in 

the solar system, with more than 400 active volcanoes discovered starting with 

Voyager 1's 1979 flyby. This intense activity is driven by tidal flexing from gravitational 

interactions with the other Galilean moons, which heats Io's interior through friction. 

Sulfur ejected from Io's volcanoes both colors its surface in mottled yellows, oranges, 

and reds and is swept up by Jupiter's magnetic field into an intense radiation belt, far 

more powerful than Earth's Van Allen belts, that would be lethal to an unprotected 

human within minutes. 

Europa, the smallest Galilean moon, has generated the most scientific and 

astrobiological interest: its bright, icy, essentially crater free surface is crossed by 

long, dark, complex cracks and ridges, evidence that a subsurface global ocean of 

liquid water, kept liquid by tidal flexing and likely containing more water than all of 

Earth's oceans combined, periodically breaches or shifts the overlying ice crust. 

Detected salts and organic compounds in the surface cracks strengthen the case that 

Europa could harbor the basic chemical ingredients for life, and there are serious 

scientific proposals to send a dedicated lander to sample the ice near a crack for 

biosignatures. Because Europa lies far outside the Sun's conventional habitable zone, 

the orbital distance where a planet's surface could support liquid water from sunlight 

alone, yet may host liquid water anyway thanks to tidal heating, it is a case study for 

why astrobiologists must keep an open mind about where life supporting conditions 

might exist. 
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Beyond the four Galilean moons, Jupiter hosts dozens of much smaller moons, 

most in irregular, often retrograde orbits, plausibly captured asteroids from the 

nearby asteroid belt; several appear grouped into families with similar orbital 

characteristics, suggesting common origin from a larger body that broke apart. 

Essentially all of Jupiter's moons, large and small, are tidally locked to the planet due 

to its especially strong tidal forces. 

Saturn 
Saturn is the second largest planet but the least dense, famously less dense than 

water. Like Jupiter, it is a gas giant with a rocky core several times Earth's mass, layers 

of ice and metallic hydrogen, and a deep hydrogen and helium atmosphere. Saturn 

spins rapidly, a roughly 10.5 hour day, producing a pronounced oblate shape about 10 

percent wider at the equator than through the poles; its banded cloud structure is 

fainter than Jupiter's, likely due to greater distance from the Sun and a deeper 

atmosphere, though large storms still occur, including a 2010 storm that grew large 

enough to wrap entirely around the planet, and a persistent hexagonal jet stream 

vortex at its north pole roughly 20,000 kilometers across, with an intense storm 

system near its center. 

Saturn's defining feature is its ring system. The rings are not solid but are made 

of countless independently orbiting particles of nearly pure water ice; despite 

spanning about 250,000 kilometers, wide enough to cover two thirds the Earth 

Moon distance, they average only about 10 meters thick, proportionally far thinner 

than a sheet of paper relative to Saturn's size. Their origin is uncertain but is generally 

attributed either to the disruption of an icy moon in a large collision or to the tidal 
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stripping of an icy outer layer from a large moon early in the system's history. The 

main rings are separated by gaps, notably the Cassini Division, cleared by an orbital 

resonance with the moon Mimas, and shaped by numerous small shepherd moons, 

such as Prometheus and Pandora, which confine the narrow F ring. 

Among Saturn's dozens of moons, two receive special attention. Titan, second in 

size only to Ganymede among solar system moons and larger than Mercury, is the 

only moon with a substantial atmosphere, thicker than Earth's, mostly nitrogen with 

methane. It hosts wind sculpted dunes of hydrocarbon grains, likely cryovolcanoes 

erupting liquid water instead of lava, and confirmed lakes of liquid methane near its 

poles, the first liquid ever directly observed on another world's surface, with shoreline 

changes suggesting active methane driven weather. Enceladus, a smaller, highly 

reflective icy moon about the size of Colorado, was found in 2005 to have active 

geysers erupting water ice from cracks near its south pole, indicating a tidally heated 

subsurface ocean; a flyby through the plumes detected organic molecules, placing 

Enceladus alongside Europa and Titan as one of the solar system's most promising 

locations to search for extraterrestrial life. 

Uranus and Neptune 
Uranus was the first planet discovered rather than known since antiquity: William 

Herschel spotted it in 1781. With about 14.5 Earth masses but comparatively low 

density, Uranus is modeled as having a small rocky core surrounded by a thick, hot, 

high pressure mantle of water, ammonia, and methane, conventionally called ice by 

planetary scientists despite behaving more like a dense fluid, under conditions 

extreme enough that methane may be crushed into diamond. Atmospheric methane 
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absorbs red light, giving Uranus its cyan blue color; the planet appears largely 

featureless in visible light, though infrared imaging reveals banding, and a burst of 

large, bright storms was observed in 2014. 

Uranus's most striking property is its extreme axial tilt of about 98 degrees, 

essentially rotating on its side, so that during its summer, its pole points almost 

directly at the Sun, producing extreme seasonal effects; the cause is unknown, but a 

major early collision is the leading hypothesis. Its magnetic field is similarly 

anomalous, tilted about 60 degrees from the rotation axis and offset from the planet's 

physical center. Uranus has more than two dozen moons, traditionally named for 

Shakespearean characters, including the geologically bizarre moon Miranda, whose 

jumbled, patchwork terrain includes Verona Rupes, the tallest known cliff in the solar 

system at 5 to 10 kilometers, and a faint ring system discovered by accident in 1977. 

Neptune, the outermost planet, shares Uranus's basic ice giant structure but is 

more massive, 17 Earth masses versus Uranus's 14.5, and, despite similar methane 

content, displays a notably deeper blue color for reasons not fully understood. Unlike 

relatively placid Uranus, Neptune has visibly active weather, including the largest 

recorded planetary winds in the solar system, over 2,000 kilometers per hour, faster 

than the speed of sound on Earth, and large storm systems such as the transient 

Great Dark Spot seen by Voyager 2 in 1989. Its largest moon, Triton, orbits backward 

relative to Neptune's rotation, strong evidence it is a captured Kuiper Belt object, and 

shows a young, largely crater free surface with active nitrogen geysers. 

Neptune's discovery in 1846 was a landmark achievement of mathematical 

prediction: irregularities in Uranus's observed orbit led French mathematician Urbain 

Le Verrier, and independently Englishman John Couch Adams, to calculate the 
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position of an unseen, gravitationally responsible planet; astronomer Johann Galle 

located Neptune within about a degree of Le Verrier's prediction on the very night he 

received it, making Neptune the only planet discovered through mathematics rather 

than direct observational search. A later, similarly motivated search for a 

hypothesized ninth planet, prompted by residual, ultimately erroneous discrepancies 

in Neptune's orbit, led instead to the accidental discovery of Pluto. 

Asteroids 
Asteroids fill the gap between Mars and Jupiter that early astronomers expected 

to contain a missing planet. Giuseppe Piazzi's discovery of Ceres in 1801 seemed at 

first to fulfill that expectation, but the subsequent discovery of several more similar 

objects in quick succession revealed an entirely new class of solar system body; 

because they appeared as star like points even through the telescopes of the time, 

they were named asteroids, meaning star like. Hundreds of thousands are now 

cataloged, with estimates of billions larger than 100 meters and over a million larger 

than 1 kilometer across. 

Asteroids are broadly classified by composition: about three quarters are carbon 

rich, roughly one sixth are silicate or rocky, and the remainder are metallic, dominated 

by iron and nickel. Most orbit in the main asteroid belt between Mars and Jupiter, 

which shows internal structure, notably the Kirkwood gaps, regions nearly devoid of 

asteroids because orbits there fall into simple resonances with Jupiter's period, and 

repeated gravitational tugs from Jupiter clear those orbits over time. Despite popular 

depictions of densely packed asteroid fields, the belt is in reality mostly empty space, 
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with typical separations of millions of kilometers between sizable bodies; all main belt 

asteroids combined would still be far less massive than Earth's Moon. 

Ceres, the largest asteroid at about 900 kilometers across, is massive enough to 

be pulled into a nearly spherical shape by its own gravity and is thought to have a 

rocky core beneath a water ice mantle containing more fresh water than exists on 

Earth. Vesta, the second most massive asteroid, is roundish but visibly battered, with 

a huge impact basin dominating its southern hemisphere. Several asteroids are known 

to be binary systems or to host their own satellites, and observations of asteroids like 

Itokawa revealed that many are not solid rocks at all but loosely bound rubble piles 

held together mainly by their own weak gravity. 

Asteroids are understood as leftover material from the solar system's formation 

that never coalesced into a planet, disrupted by repeated collisions and, in the region 

near Mars and Jupiter, prevented from accreting further by Jupiter's disruptive gravity, 

a process that may also have starved the growth of Mars itself. Beyond the main belt, 

near Earth asteroids include Mars crossing, Apollo, and Aten types, and are a subject 

of ongoing survey and monitoring due to impact risk. Trojan asteroids occupy 

gravitationally stable Lagrange points 60 degrees ahead of or behind a planet in its 

orbit, known for Jupiter, Mars, Uranus, Neptune, and, since a 2010 discovery, Earth 

itself. 

Comets 
Comets have been observed and mythologized since antiquity; Comet Halley 

appears in the Bayeux Tapestry depicting the 1066 Norman conquest. Physically, 

comets resemble asteroids but with a much higher proportion of ices, frozen water, 

ASTRONOMY 36



carbon dioxide, carbon monoxide, methane, and ammonia, mixed with rock, gravel, 

and dust, popularly described as dirty snowballs. Far from the Sun, a comet is an 

inert, frozen lump; as its elliptical orbit brings it closer, solar heating causes the ices to 

sublimate directly into gas, releasing trapped dust and forming a surrounding cloud 

called the coma, from the Latin for hair, the root of the word comet itself. 

A comet typically displays two distinct tails, because gas and dust respond to 

different forces. Gas released from the nucleus is ionized by solar ultraviolet light and 

then swept directly away from the Sun by the magnetized solar wind, forming a 

straight ion tail; dust particles instead feel the gentler, non directional push of sunlight 

pressure and drift more slowly, lagging behind the comet's orbital path to form a 

curved, separate dust tail. Comets are classified by orbital period: short period 

comets, under 200 years, tend to orbit in the same plane and direction as the planets, 

while long period comets have orbits tilted in every direction, implying different 

reservoir populations. 

Because comets lose material every time they pass near the Sun, direct close up 

study has been essential to understanding them. The 1986 return of Comet Halley 

was visited by multiple spacecraft, including the European Giotto probe, which 

imaged a dark, irregularly shaped nucleus, reflecting only about 4 percent of incoming 

light, as dark as asphalt, with localized active gas jets rather than uniform outgassing. 

The European Rosetta mission, which entered orbit around Comet 67P Churyumov 

Gerasimenko in 2014, found a bizarre double lobed, crater free shape with localized 

jets and widening circular pits, and an unexpectedly hard, tough surface crust that 

caused Rosetta's Philae lander to bounce on touchdown. 
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Early bombardment by comets and water rich asteroids may have delivered a 

substantial fraction of Earth's water, and NASA's Stardust mission, which collected 

samples directly from Comet Wild 2's coma in 2004, found complex organic 

molecules including amino acids, the building blocks of proteins and, by extension, 

life, raising the possibility that some of the chemical ingredients for life on Earth 

arrived via cometary impact. Comets function, in effect, as time capsules of the solar 

system's earliest chemistry, and possibly of humanity's own origins. 

The Kuiper Belt and Oort Cloud 
Since comets lose material and would eventually be exhausted, some distant 

reservoir must continually resupply them. The outer solar system's population of icy 

bodies traces to the same formative process as the rest of the system: far from the 

young Sun, icy planetesimals grew in a cold region dominated by the giant planets, 

and gravitational encounters with the migrating giant planets, formalized in the Nice 

model, flung vast numbers of these bodies outward into new, often highly elliptical 

and tilted orbits, a process also implicated in causing the Late Heavy Bombardment. 

This process produced three distinct present day populations. The Kuiper Belt is 

a disk shaped region, aligned with the planets' orbital plane, beginning just outside 

Neptune's orbit and extending to roughly 7.5 billion kilometers from the Sun; its icy 

members have stable orbits undisturbed by Neptune and are the source of short 

period comets. The scattered disc overlaps the Kuiper Belt's inner edge but extends to 

far greater, highly eccentric distances. Farthest of all, the roughly spherical Oort 

Cloud begins around 300 billion kilometers out and may extend a full light year or 
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more, unconstrained by the solar system's orbital plane, and is the source of long 

period comets, which consequently arrive from random directions in the sky. 

Pluto, discovered by Clyde Tombaugh in 1930, was the first Kuiper Belt object 

found, decades before the region's existence was otherwise confirmed. Its orbit is 

tilted and more eccentric than the planets', occasionally bringing it closer to the Sun 

than Neptune, yet the two never collide because Pluto's orbit lies well outside 

Neptune's orbital plane at those close approaches, and because Pluto and Neptune 

share a stable 2:3 orbital resonance that keeps them from ever passing near each 

other. Over a thousand additional Kuiper Belt objects have since been cataloged, 

including Eris, comparable in size to Pluto but more massive, and Pluto's large moon 

Charon, massive enough relative to Pluto that the two bodies orbit a shared center of 

mass outside Pluto itself. 

Calculations of how many Oort Cloud objects should remain from the solar 

system's formation, roughly 6 billion, fall far short of the number implied by the 

observed rate of long period comets, roughly 400 billion, a discrepancy speculatively 

explained either by the Sun having gravitationally stolen comets from other, closely 

passing stars over its lifetime, or by the possible existence of an as yet undiscovered 

distant planet whose gravity has aligned the orbits of some long period comets and a 

handful of Kuiper Belt objects in a suggestive pattern, an early hint of what came to be 

called Planet Nine. The outer solar system remains profoundly underexplored, distant, 

and enormous enough that a genuine undiscovered planet could plausibly be hiding 

within it. 
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Meteors, Meteorites, and Impact Hazards 
Three related but technically distinct terms are worth separating: a meteoroid is 

the actual solid object in space; a meteor is the visible streak of light produced as that 

object burns through the atmosphere; and a meteorite is any fragment that survives 

to reach the ground. A typical visible shooting star is produced by a meteoroid no 

larger than a grain of sand, made spectacular only by its extreme speed; meteoroids 

strike Earth's atmosphere at anywhere from about 11 kilometers per second, Earth's 

escape velocity, up to 70 kilometers per second or more, carrying enormous kinetic 

energy that converts almost entirely into heat and light as the object decelerates. 

Meteors heat up primarily from compression of the air directly ahead of them, not 

friction, which can reach thousands of degrees Celsius and vaporizes, or ablates, the 

meteoroid's surface, producing the visible glowing trail typically around 90 to 100 

kilometers altitude. Averaged globally, Earth absorbs roughly 100 tons of meteoric 

material daily, the vast majority of it dust grain sized. 

Random, unassociated sporadic meteors typically originate from asteroid 

collisions that scattered small fragments into Earth crossing orbits. Meteor showers, 

by contrast, occur when Earth passes through a stream of debris shed by a comet as 

its ices sublimate near the Sun; because the shower's meteors appear to radiate from a 

single point in the sky, a perspective effect, showers are named for the constellation 

containing that radiant, such as the Perseids in August or the Leonids in November, 

and recur annually as Earth crosses the same debris stream each year. Showers are 

generally best viewed after local midnight, when an observer's location faces forward 

into Earth's orbital motion and intercepts more debris. One notable exception is the 

annual Geminid shower, sourced not from a comet but from asteroid 3200 Phaethon. 
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Most meteoroids burn up completely, but larger ones, fireballs or bolides, can be 

roughly grapefruit sized and occasionally survive to become meteorites, sometimes 

fragmenting under atmospheric pressure. Because their outer layers ablate away and 

their interiors remain cold from space, meteorites do not start fires on impact and are 

often cool or cold to the touch. Meteorites are classified as stony, further divided into 

chondrites, primitive material dated to before Earth's formation, and achondrites, 

from differentiated, once molten parent bodies, iron, from the metallic cores of larger 

disrupted asteroids, and the rare, visually striking stony iron type. 

On February 15, 2013, a roughly 19 meter asteroid entered the atmosphere over 

Chelyabinsk, Russia, at a shallow angle, exploded with the force of roughly half a 

million tons of TNT, and injured over a thousand people, mostly from broken glass, 

with no advance warning because the object was too small to have been detected 

beforehand. Larger objects, roughly 100 meters and up, are capable of city scale or 

greater damage and are the current focus of asteroid survey efforts; while no proven 

deflection technology yet exists, the statistical rarity of such impacts, roughly once 

every century to few centuries for this size class, is balanced against the certainty 

that, absent preparation, a serious impact will eventually occur. 

The Physics of Light 
Nearly all astronomical information arrives as light, so understanding light is 

foundational. Light is electromagnetic radiation, a self propagating wave of 

intertwined electric and magnetic fields; like any wave, it has a wavelength, the 

distance between successive crests, and this wavelength directly determines the light's 

energy: shorter wavelengths carry more energy, longer wavelengths carry less. Human 
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color vision is essentially a biological wavelength detector tuned to the range of light 

the Sun emits most strongly, called visible light, running from shorter wavelength 

violet to longer wavelength red. 

This visible band is only a narrow slice of the full electromagnetic spectrum. 

Moving to progressively shorter, higher energy wavelengths than violet, light becomes 

ultraviolet, then X rays, then gamma rays, the highest energy form; moving to 

progressively longer, lower energy wavelengths than red, light becomes infrared, then 

microwaves, then radio waves, the lowest energy form. Because most of the universe 

emits primarily outside the narrow visible band, astronomers build telescopes tuned 

to these other wavelengths to reveal objects and phenomena otherwise completely 

invisible. 

There are two distinct mechanisms by which astronomical objects produce light. 

Dense, hot objects like stars emit a broad, continuous spectrum of light across many 

wavelengths, with the peak wavelength, and thus color, determined by temperature; 

hotter objects glow bluer, cooler objects glow redder. Thinner gases, by contrast, emit 

or absorb light only at very specific, discrete wavelengths tied to atomic structure: 

within an atom, electrons occupy only specific allowed energy levels around the 

nucleus, and an electron can jump between levels only by absorbing or emitting a 

precise, characteristic amount of energy, and therefore a precise wavelength and 

color of light. Because different elements have differently spaced energy levels, each 

element produces its own unique pattern of spectral lines, functioning as a chemical 

fingerprint. 

This is the basis of spectroscopy: by passing an astronomical object's light 

through an instrument that splits it into its component wavelengths and precisely 
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measuring where light is emitted or absorbed, astronomers can determine an object's 

chemical composition without ever physically sampling it. Spectroscopy also enables 

measurement of the Doppler effect, familiar from the changing pitch of a passing 

vehicle's siren, applied to light: an object moving toward an observer has its light 

compressed to shorter wavelengths, blueshifted, while an object moving away has its 

light stretched to longer wavelengths, redshifted. This redshift and blueshift 

measurement is the key tool that revealed the universe's overall expansion, discussed 

later. Spectroscopy more broadly unlocks an enormous range of physical properties: 

temperature, density, rotation, motion, and magnetic field strength. 

Measuring Astronomical Distances 
The historical chain of methods by which astronomers bootstrapped their way 

from measuring Earth itself to measuring the distances of stars begins with the Greek 

scholar Eratosthenes, who, over 2,000 years ago, used the difference in the Sun's 

angle at local noon between two cities, combined with the known distance between 

them, to calculate Earth's circumference to within a small margin of the modern value, 

the first quantitative measurement of a cosmic scale. From this foundation, later 

Greek astronomers used geometric methods, including the curved shape of Earth's 

shadow during lunar eclipses, to estimate the distances and sizes of the Moon and 

Sun. 

The astronomical unit, Earth's average distance from the Sun, is the fundamental 

meter stick of solar system astronomy, since Kepler and Newton's orbital equations 

could specify planetary distances only in relative terms until the astronomical unit's 

absolute value in kilometers was pinned down. Early attempts used historical transits 
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of Venus and Mercury, achieving a reasonably close but imprecise value; only in the 

1960s did radar ranging of Venus, timing radio pulses bounced off the planet at the 

known speed of light, finally fix the astronomical unit with high precision, currently 

defined as 149,597,870.7 kilometers, enabling accurate spacecraft navigation 

throughout the solar system. 

Measuring the vastly larger distances to stars required a new technique: parallax, 

the same principle behind ordinary human depth perception. Observing a star's 

position against distant background stars from opposite points in Earth's orbit six 

months apart provides a baseline of about 300 million kilometers, large enough to 

detect a star's tiny angular shift and, via trigonometry, calculate its distance. The first 

successful stellar parallax measurement, by Friedrich Bessel in 1838 for the star 61 

Cygni, placed it at a distance so vast that new units were needed: the light year, the 

distance light travels in one year, about 10 trillion kilometers, and the parsec, about 

3.26 light years. 

Because parallax becomes too small to measure reliably beyond roughly 1,000 

light years even with space based precision instruments, astronomers extend the 

distance ladder further using the inverse square relationship between an object's true 

luminosity and its apparent brightness: if two stars of known, comparable intrinsic 

luminosity are compared, the fainter one must be proportionally farther away, by the 

square of the brightness ratio. Anchoring this technique to parallax measured nearby 

stars of known type allows distance measurement to progressively more distant stars, 

and eventually, via specialized classes of variable and exploding stars, to other 

galaxies and the scale of the observable universe itself. 
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The Classification and Physical Nature of Stars 
Combining spectroscopy and distance measurement unlocks the physical nature 

of stars. Nineteenth century astrophotography made large scale spectroscopic 

surveys of stars possible, but interpreting the results required combining several 

breakthroughs: physicist Max Planck's explanation of how temperature determines an 

object's emitted color, physicist Meghnad Saha's explanation of how atoms behave 

spectroscopically at different temperatures, and, crucially, astronomer Cecilia Payne 

Gaposchkin's early 1920s synthesis of these ideas, which showed that stellar spectra 

are governed primarily by the temperature and composition of a star's atmosphere, 

and, in a major and initially resisted revision to contemporary belief, that stars are 

overwhelmingly composed of hydrogen and helium rather than resembling Earth's 

composition. 

Stellar spectra are used to classify stars by temperature into the sequence O, B, A, 

F, G, K, M, from hottest and bluest to coolest and reddest; each letter class is further 

divided into ten numbered subclasses. The Sun, at about 5,500 degrees Celsius, is 

classified G2; Sirius, much hotter, is A0; Betelgeuse, cool and red, is M2. Stars display 

essentially every color except green: although the Sun's spectrum actually peaks in 

green light, the human eye blends all the emitted colors together into perceived white, 

with a yellowish tint caused by preferential atmospheric scattering of shorter, bluer 

wavelengths, the same scattering that makes the daytime sky blue and sunsets red or 

orange. 

Combining a star's spectral temperature with its distance, and therefore its true 

luminosity, corrected for the inverse square dimming of light with distance, allows two 

of a star's most fundamental properties, temperature and luminosity, to be 
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determined simultaneously and plotted against each other. About a century ago, 

astronomers Ejnar Hertzsprung and Henry Norris Russell did exactly this for large 

numbers of stars and discovered a strong, non random pattern, now called the 

Hertzsprung Russell, or HR, diagram, widely regarded as the single most important 

graph in astronomy. On this diagram, most stars fall along a prominent diagonal band 

called the main sequence, running from hot, luminous, blue stars in one corner to 

cool, faint, red stars in the other; two smaller clusters of stars, hot but faint white 

dwarfs and cool but extremely luminous, and therefore physically enormous, red 

giants and supergiants, represent stars in later, more dramatic stages of life. 

The main sequence's shape reflects the physics of hydrogen fusion: because 

more massive stars compress their cores harder, they fuse hydrogen faster, burn 

hotter, and shine more luminously, placing them toward one end of the main 

sequence; lower mass stars are cooler and redder, placing them toward the other. A 

star's position on the HR diagram shifts predictably as it ages and eventually exhausts 

its hydrogen fuel, with the specific evolutionary path differing sharply between low 

mass and high mass stars, a distinction taken up in later sections. 

Planets Around Other Stars 
Direct imaging of exoplanets, planets orbiting other stars, is extremely difficult 

because a planet is faint and sits immediately adjacent to an overwhelmingly bright 

host star, so astronomers rely primarily on indirect detection methods. The first 

confirmed exoplanets, announced in 1992, orbited a pulsar, the collapsed remnant of 

an exploded star, an unexpected and somewhat unsatisfying discovery, since such 
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planets likely formed from debris after the star's catastrophic supernova rather than 

resembling planet formation around an ordinary star. 

The first exoplanet confirmed around a Sun like star, 51 Pegasi b, was announced 

in 1995 using the radial velocity, or Doppler, method: an orbiting planet's gravity 

causes its host star to wobble slightly, alternately approaching and receding from 

Earth, producing a small but measurable periodic Doppler shift in the star's spectrum, 

from which the planet's minimum mass and orbital period can be calculated. 51 Pegasi 

b proved surprising, a Jupiter mass planet orbiting its star in just over four days, far 

closer than planet formation models predicted was possible at that distance, leading 

to the now well established idea of planetary migration, in which giant planets can 

form farther out and later spiral inward through interaction with the protoplanetary 

disk; such close orbiting giants are now called hot Jupiters. 

Confidence in exoplanet detections was strengthened dramatically by the 

discovery, in 1999, of the first transiting exoplanet, whose orbit carries it directly in 

front of its star as seen from Earth, producing a small, periodic dip in the star's 

observed brightness. The transit method independently confirms a planet's existence 

and additionally reveals its physical size, which combined with the Doppler derived 

mass yields the planet's density and, therefore, bulk composition. NASA's Kepler space 

telescope, launched in 2009 to monitor roughly 150,000 stars for transits, had by 

early 2015 confirmed over 1,000 exoplanets, with several thousand additional 

candidates awaiting confirmation, alongside roughly 500 more confirmed by ground 

based methods. 

The overall picture is one of striking diversity: exoplanets have been found 

ranging from smaller than Earth's Moon to many times Jupiter's mass, in single and 
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multiple planet systems, around stars of nearly every type, and current statistical 

extrapolations suggest planets may outnumber stars in the galaxy, implying hundreds 

of billions of planets in the Milky Way alone. Several hundred Earth sized planets have 

now been found, and, while atmospheric composition and true surface conditions 

generally remain unknown for these worlds, statistical projections suggest the galaxy 

could contain more than 10 billion planets within their stars' habitable zones. 

Brown Dwarfs 
Between planets and true stars lies a physical no man's land. A star sustains itself 

through hydrogen fusion, requiring a minimum mass of roughly one twelfth the Sun's 

mass, about 75 Jupiter masses; a giant planet like Jupiter, at only about one 

thousandth the Sun's mass, never comes close to that threshold and is instead 

supported purely by ordinary gas pressure. The theoretical possibility of an 

intermediate object, massive enough to collapse from a gas cloud like a star but too 

low in mass to ever ignite hydrogen fusion, was worked out mathematically in the 

1960s; such an object, dubbed a brown dwarf, would form hot but then simply cool 

and dim over billions of years, never truly turning on. 

Brown dwarfs proved difficult to confirm observationally because young ones 

can temporarily mimic the coolest true stars. The key diagnostic that resolved this 

ambiguity is lithium: true stars rapidly fuse away their primordial lithium, while brown 

dwarfs below about 65 Jupiter masses never get hot enough in their cores to do so, so 

detecting retained lithium in a faint object's spectrum confirms substellar status. 

Using this test, the first genuine brown dwarf, Teide 1, was confirmed in 1995 in the 

Pleiades star cluster; around the same time, the companion object Gliese 229B was 
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found to be even cooler, its spectrum dominated by methane, necessitating yet 

another new spectral class, T. 

Since the mid 1990s, brown dwarf detection has accelerated considerably, aided 

by NASA's WISE infrared survey satellite, launched 2009, which alone found hundreds 

of examples; over 2,000 are now known, including some cool enough to require a 

further new spectral class, Y, extending the star classification sequence to O, B, A, F, 

G, K, M, L, T, Y. Contrary to their name, brown dwarfs are not actually brown; the 

coolest examples emit essentially no visible light at all, while somewhat warmer ones 

can appear magenta, since certain atmospheric molecules like methane and water 

preferentially absorb red light over blue. 

Physically, brown dwarfs behave unusually: unlike planets or stars, adding mass 

to a brown dwarf makes it denser rather than significantly larger, because of quantum 

mechanical effects that become dominant around Jupiter's mass scale. This blurs the 

boundary between a large planet and a small brown dwarf to the point that some 

researchers distinguish them only by formation history rather than by any observable 

physical property. Luhman 16, a binary brown dwarf system discovered in 2013 only 

6.5 light years away, is the third closest known star system to the Sun, raising the open 

question of whether an even closer, still undiscovered brown dwarf might exist nearer 

to us than Proxima Centauri, currently recognized as the Sun's nearest stellar 

neighbor. 

The Life Cycles of Low Mass Stars 
Stars can broadly be divided into low mass and high mass groups, a line that lies 

around eight times the mass of the Sun. Stars generate energy in their cores through 
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hydrogen fusion, and the rate of fusion depends on core pressure, which scales with 

mass: more massive stars fuse hydrogen faster and therefore burn through their fuel 

more quickly despite having more of it, meaning stellar lifespan actually decreases 

with increasing mass. At the very low mass end, the least massive red dwarfs are fully 

convective, continuously cycling their entire mass of hydrogen through the fusing 

core over their lifetime; this efficiency, combined with their slow fusion rate, gives 

them projected lifespans on the order of a trillion years, vastly longer than the current 

13.8 billion year age of the universe. 

Stars closer to the Sun's mass are not fully convective; their cores are isolated 

from the rest of the star, so helium ash produced by hydrogen fusion accumulates 

there rather than being recirculated, giving them comparatively shorter total lifespans, 

roughly 12 billion years for the Sun, despite starting with more total fuel than a red 

dwarf. As helium accumulates in the Sun's non fusing core over billions of years, the 

core slowly contracts and heats, which increases the Sun's overall luminosity, it has 

already brightened by roughly 40 percent since its birth, and will eventually raise core 

temperatures enough to ignite hydrogen fusion in a shell surrounding the inert helium 

core, causing the outer layers to expand and cool, transforming the Sun first into a 

subgiant and then, as the process continues, into a much larger, brighter, cooler red 

giant, potentially swelling to 100 to 150 times its current size. 

As a red giant, the Sun will shed a significant fraction of its mass, estimated 

around one third, through an intensified solar wind. Eventually its contracting, 

heating core will reach the roughly 100 million degree threshold needed to fuse 

helium into carbon, with some oxygen and neon, an ignition event expected to occur 

abruptly, a helium flash, and followed by a further cycle of core contraction, renewed 
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shell fusion, and a second, even larger and brighter red giant phase, during which 

further mass is shed. Because the Sun lacks sufficient mass to compress its core 

enough to fuse carbon, once helium fuel is exhausted, fusion permanently ceases, and 

the Sun's outer layers are expelled entirely, leaving behind an exposed, extremely hot, 

extremely compact stellar core, a white dwarf, which will simply cool and fade over 

tens of billions of years. 

Earth will likely be rendered uninhabitable, and possibly molten, well before the 

Sun reaches its largest red giant size, though because the Sun loses mass, and 

therefore gravitational grip, as it swells, Earth's orbit should also expand outward, and 

it may narrowly avoid being physically engulfed, though this remains uncertain. These 

events lie an estimated 6 billion or more years in the future, well beyond any 

immediate human concern, and stand in contrast to the far more violent fate awaiting 

higher mass stars. 

White Dwarfs and Planetary Nebulae 
What remains after a low mass star sheds its outer layers is an exposed stellar 

core, mostly carbon and oxygen with a thin remaining layer of helium and hydrogen, 

no longer capable of fusion. Such a core is prevented from further collapsing entirely 

by electron degeneracy pressure, a quantum mechanical effect in which electrons 

strongly resist being compressed too closely together. The resulting object, a white 

dwarf, is extraordinarily compact, roughly Earth sized despite containing roughly half 

a solar mass, giving it staggering density, a sugar cube sized sample would weigh 

roughly a ton, correspondingly immense surface gravity, and very high initial surface 
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temperature, up to around 100,000 degrees Celsius, though white dwarfs are 

intrinsically faint due to their small size. 

A newly formed white dwarf 's intense ultraviolet radiation can cause the recently 

expelled stellar wind material surrounding it to glow, producing one of the most 

visually striking classes of astronomical object: the planetary nebula, a name coined 

by William Herschel because these objects appeared as small, planet like disks 

through his telescope, despite having nothing to do with actual planets. The first was 

identified in 1764 by French astronomer Charles Messier, who catalogued such 

objects to avoid confusing them with the comets he was actually searching for. 

While early observations suggested simple spherical bubble shapes, later, more 

sensitive digital imaging revealed that most planetary nebulae display far more 

elaborate structure, elongated shapes, spirals, jets, and delicate filaments, which a 

simple spherical model cannot explain. This complexity is attributed to two 

compounding effects: first, a slower, denser wind shed during the earlier red giant 

phase is later overtaken and shaped by a faster, thinner wind from the exposed, hotter 

remnant star; second, and more speculatively, any close binary companion star, or 

even massive planets engulfed and vaporized within the expanding red giant, can 

transfer angular momentum to the outer envelope, spinning it up and flattening or 

distorting the resulting nebula into the varied, asymmetric shapes actually observed. 

The nebula's visible colors reflect the underlying chemistry: hydrogen glows red, 

while oxygen, though far less abundant, glows disproportionately brightly in green 

due to atomic physics, giving many planetary nebulae their characteristic red green 

palette. Because the expanding nebular gas continues to disperse and eventually 

becomes too thin to glow, a planetary nebula is a short lived phenomenon, lasting 
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only a few thousand years, a brief, visually spectacular coda to an otherwise multi 

billion year stellar lifetime. The Sun itself likely will not produce a visible planetary 

nebula of its own, since it is expected to lack sufficient energy output to make its 

ejected material glow; that fate is generally reserved for somewhat more massive, 

hotter progenitor stars. 

The Life Cycles of High Mass Stars 
Stars more massive than roughly eight solar masses have a far more violent life 

cycle. Unlike the Sun, such stars have sufficient core pressure to fuse progressively 

heavier elements after exhausting hydrogen and helium: carbon fusion, into neon, 

magnesium, and sodium, ignites around 500 million degrees Celsius, followed by 

neon fusion around 1 billion degrees, then oxygen fusion around 1.5 billion degrees, 

and finally silicon fusion, at 2 to 3 billion degrees, which produces a range of elements 

including iron. Each successive fusion stage proceeds dramatically faster than the 

last: an example star of 20 solar masses might fuse helium for roughly a million years, 

carbon for about a thousand years, neon for about a year, oxygen for a few months, 

and silicon for only about a single day. 

Externally, the star's outer layers respond to these internal changes by 

dramatically expanding and contracting, transforming a formerly blue main sequence 

star into a red supergiant, exemplified by Betelgeuse, and sometimes back into a hot 

blue supergiant, exemplified by Rigel. Internally, the star develops a layered, onion like 

structure, with successively heavier elements fusing in concentric shells around an 

innermost, growing core of inert iron. 
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Iron is the critical turning point: unlike every lighter element, fusing iron 

consumes energy rather than releasing it, and iron nuclei in the extreme core 

conditions also begin absorbing surrounding electrons, simultaneously removing 

both of the core's two major sources of internal support. Once enough iron 

accumulates, this support collapses catastrophically within a fraction of a second: the 

star's outer layers crash inward at a significant fraction of the speed of light, 

compressing the core from a few hundred kilometers across to roughly the size of a 

city in mere thousandths of a second. If the resulting compressed core has less than 

about 20 solar masses, the collapse halts, forming a neutron star; above that 

threshold, no known force can stop the collapse, and a black hole forms instead. 

Either way, the sudden core collapse triggers a colossal shock wave, reinforced 

by an immense burst of nearly massless subatomic particles called neutrinos, which 

together halt and violently reverse the infalling stellar material, blasting the star's 

outer layers outward at roughly 10 percent the speed of light in a supernova 

explosion, among the most violent single events the universe produces, briefly 

outshining the entire galaxy that hosts it. No currently known star close enough to 

Earth poses a realistic supernova hazard; the nearest plausible candidate, Spica, lies 

over 100 light years away, safely beyond any dangerous range. Supernovae are the 

dominant cosmic source of elements heavier than iron; explosive nucleosynthesis in 

the blast itself forges elements such as calcium, phosphorus, and additional iron, 

meaning the calcium in human bones, the iron in human blood, and the phosphorus 

in human DNA were all originally produced inside a long dead, exploded star. 
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Neutron Stars and Pulsars 
When a collapsing massive star core has less than about 2.8 solar masses, its 

collapse is ultimately halted not by electron degeneracy pressure, which fails once a 

stellar core exceeds about 1.4 solar masses, but by the much stronger neutron 

degeneracy pressure, as the core's protons and electrons are crushed together into 

neutrons, forming an object roughly 20 kilometers across yet containing more mass 

than the entire Sun. The resulting densities are almost incomprehensible: a single 

cubic centimeter of neutron star material would weigh roughly 400 million tons, 

producing surface gravity around 100 billion times Earth's, strong enough that a 

human body would be instantly flattened to a thickness of a few atoms. 

Because angular momentum is conserved as the collapsing core shrinks by such 

an enormous factor, neutron stars rotate extremely rapidly, often several times per 

second immediately after formation, and their magnetic fields are similarly amplified 

to strengths trillions of times the Sun's. In 1967, graduate student Jocelyn Bell 

discovered an extremely regular, rapidly pulsing radio signal, later explained as a 

pulsar: a rotating neutron star whose intense magnetic field and rotation launch twin 

beams of radiation from its magnetic poles, which sweep across the sky like a 

lighthouse beam and are observed as regular pulses whenever a beam happens to 

cross Earth's line of sight. Over a thousand pulsars are now known; some, in close 

binary systems, can accrete material from a companion star, spinning up to hundreds 

of rotations per second as millisecond pulsars. 

Neutron stars retain a thin crust of highly compressed but relatively conventional 

matter, through which their intense magnetic field threads outward. In roughly 10 

percent of neutron stars, an especially extreme subtype called magnetars, the 
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magnetic field reaches strengths up to a quadrillion times the Sun's, the most powerful 

magnetic fields known in the universe; this intense field acts as a brake, rapidly 

slowing the star's rotation and giving magnetars comparatively short active lifetimes. 

Because a magnetar's crust and magnetic field are mechanically linked, sudden shifts 

in the crust, starquakes, can violently disturb the magnetic field, triggering colossal 

magnetar flares capable of releasing, in a fraction of a second, as much energy as the 

Sun emits in roughly a quarter of a million years. 

In 2004, a magnetar flare from SGR 1806 20, roughly 50,000 light years away, 

more than halfway across the galaxy, briefly saturated X ray detectors on the Swift 

satellite even though the instrument was not pointed at the source, and measurably 

compressed Earth's magnetic field and partially ionized its upper atmosphere. Such 

catastrophic flares are rare, with likely fewer than a dozen active magnetars in the 

galaxy; steadily improving understanding continues to reveal that neutron stars are 

stranger with each further study. 

Black Holes 
If a collapsing massive star core exceeds roughly 2.8 solar masses, not even 

neutron degeneracy pressure can halt its collapse, and the object continues shrinking 

without limit. As an object shrinks while retaining its mass, its surface gravity and 

required escape velocity increase, and once the core collapses to roughly 18 

kilometers across, its escape velocity reaches the speed of light. Since nothing, 

including light itself, can travel faster than light, nothing beyond this point, called the 

event horizon, can ever escape. The resulting object is a black hole, and because no 
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information about anything that crosses the event horizon can reach an outside 

observer, its interior is fundamentally and permanently unobservable from outside. 

Several popular misconceptions are worth correcting. Only cores of roughly 

three solar masses or greater, implying an original star of roughly 20 solar masses or 

more, can collapse into a black hole; the Sun cannot become one. Black holes do not 

act as cosmic vacuum cleaners indiscriminately pulling in surrounding matter; a black 

hole's gravity at a given distance is identical to that of any ordinary object of the same 

mass at that same distance. The danger comes specifically from how close an 

observer can approach, since a black hole's small size allows a much closer approach, 

and therefore much stronger local gravity, than a normal star's surface would ever 

permit. Black holes also come in different size classes: stellar mass black holes formed 

from collapsing star cores, and vastly larger supermassive black holes, confirmed to 

reside at the centers of essentially every major galaxy, including a roughly 4.3 million 

solar mass example at the center of the Milky Way. 

An object falling feet first into a stellar mass black hole would experience 

extreme tidal forces strong enough to stretch it into a long, thin strand, an effect 

nicknamed spaghettification, occurring within the final tens of kilometers of the fall; 

supermassive black holes, being much larger, produce comparatively gentler tidal 

gradients across an infalling object's size, so an object might fall in largely intact. In 

March 2011, astronomers directly observed a star being tidally disrupted by a black 

hole in a distant galaxy, briefly flaring to roughly a trillion times the Sun's luminosity. 

Under Einstein's general relativity, gravity is understood as a warping of 

spacetime itself rather than a conventional force, and time runs measurably slower in 

stronger gravitational fields. Near a black hole's event horizon this effect becomes 
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extreme: from a distant observer's perspective, an infalling clock would appear to 

slow and asymptotically freeze at the horizon, while the light it emits would be 

progressively gravitationally redshifted into invisibility; from the infalling observer's 

own perspective, their personal clock would continue ticking normally even as, in a 

strange reciprocal effect, the light arriving from the rest of the universe outside would 

appear to speed up and blueshift toward destructively high energy. Black hole physics 

remains an active area of research, and black holes, despite, or because of, their 

extreme and counterintuitive nature, have played a formative role in shaping much of 

the structure observed elsewhere in the universe. 

Binary and Multiple Star Systems 
Although the Sun is a single star, roughly a third to a half of all stars belong to 

binary or multiple star systems, gravitationally bound pairs or groups that orbit a 

common center of mass; stars that merely appear close together by chance line of 

sight, without gravitational association, are distinguished as optical doubles. Several 

categories of true binaries are defined by how they are detected: visual binaries can be 

resolved into two separate points by telescope; spectroscopic binaries are too close 

to resolve visually but reveal themselves through alternating Doppler shifts in their 

combined spectrum as the two stars orbit each other; and eclipsing binaries, whose 

orbital plane happens to align edge on to Earth, periodically dim as each star passes 

in front of the other. 

Measuring the actual orbital motion of visual binaries, combined with their 

distance, is the only direct method for determining stellar masses, which in turn 

unlocks nearly every other stellar property, making binary star observation historically 
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foundational to the entire field of astrophysics. Binary orbital periods range 

enormously, from centuries for widely separated pairs down to mere minutes for the 

closest known systems. Some binaries orbit closely enough to physically touch, 

forming contact binaries that can be stretched into teardrop shapes or merged into a 

shared, peanut shaped envelope of material. 

In close binaries, mass can transfer from one star to the other as either expands, 

producing striking and sometimes counterintuitive outcomes. The Algol paradox 

describes a situation where a lower mass star appears more evolved than its higher 

mass companion, explained by mass transfer, in which an originally more massive star 

sheds material onto its companion as it evolves. In systems containing a white dwarf, 

hydrogen flowing from a companion star can accumulate on the white dwarf 's surface 

until it undergoes a sudden, explosive fusion flash, producing a visible brightening 

called a nova. If instead the accreted mass builds up steadily and pushes the white 

dwarf 's total mass past the roughly 1.4 solar mass Chandrasekhar limit, the white 

dwarf 's core reaches a critical temperature that ignites runaway carbon fusion 

throughout essentially the entire star simultaneously, completely disrupting it in a 

Type Ia supernova, a mechanism distinct from core collapse supernovae but of 

comparable total energy release, and, because the trigger mass is always the same, of 

very consistent peak luminosity, a property later exploited as a cosmological standard 

candle. 

Star Clusters 
Most stars are thought to be born not in isolation but in groups called clusters, 

of which there are two fundamentally different types: open, or galactic, clusters and 
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globular clusters. Open clusters are loose, irregularly shaped gravitationally bound 

groupings of dozens to thousands of stars, typically only a few dozen light years 

across, with member stars following individually tilted orbits around a shared, diffuse 

center of mass. Because open clusters can be dated by identifying the most massive 

stars still remaining on the main sequence, most known open clusters prove to be 

relatively young, generally under about 50 million years old. 

This youth is explained by cluster evaporation: gravitational interactions among 

member stars continually exchange orbital energy, gradually flinging lower mass stars 

into looser orbits and eventually out of the cluster entirely, a process aided by tidal 

forces from the wider galaxy and by passing gas clouds. Over time, clusters 

progressively dissolve, releasing their stars to orbit the galaxy independently. The 

Pleiades, a well known naked eye open cluster about 500 light years away, illustrates 

this, including the striking coincidental blue reflection nebula surrounding it, caused 

by the cluster currently passing through an unrelated interstellar dust cloud rather 

than leftover material from its own formation. 

Globular clusters are far denser and far larger, roughly spherical groupings of 

hundreds of thousands of stars, generally over 10 billion years old, among the oldest 

objects known. Because all member stars in the extremely old population are the same 

age and effectively the same distance from Earth, globular clusters serve as valuable 

natural laboratories for comparing stellar properties directly. Consistent with their 

age, globular cluster stars are generally lower in heavy elements and predominantly 

low mass and red; their density also produces occasional stellar collisions, thought to 

explain the presence of anomalous blue straggler stars, objects that appear younger 

and more massive than a cluster's age should permit. Roughly 150 globular clusters 
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are known orbiting the Milky Way, generally in a spherical halo well outside the 

galaxy's main disk, which helps them survive far longer than open clusters. 

Nebulae and Star Formation 
Nebulae, clouds of gas and dust, thread through all phases of stellar life: stars 

form from them, some dying low mass stars illuminate them as planetary nebulae, and 

exploding high mass stars create them as supernova remnants. Emission nebulae glow 

because intense ultraviolet light from nearby massive stars excites, or ionizes, 

surrounding gas, exciting electrons that emit characteristic light as they fall back to 

lower energy states; hydrogen glows predominantly red, while oxygen contributes 

green and blue. Despite appearing dense in images, emission nebulae are 

extraordinarily tenuous, typically only a few thousand atoms per cubic centimeter, 

and only appear substantial because they extend across several light years. 

Reflection nebulae, by contrast, shine not by their own emission but by 

scattering the light of nearby bright stars, and are composed primarily of dust rather 

than gas, micron scale grains of silicates, metal oxides, and complex carbon based 

molecules. Because dust scatters shorter, bluer wavelengths of light far more 

efficiently than longer, redder wavelengths, reflection nebulae characteristically 

appear blue, as seen in the dust cloud surrounding the Pleiades star cluster; 

sufficiently thick dust can also simply block visible light from more distant stars, 

producing dark nebulae that appear as star poor voids or silhouettes against brighter 

backgrounds. 

The Orion Nebula, a naked eye visible emission nebula and active star forming 

region, is illuminated primarily by four massive young stars, the Trapezium, at its core, 
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which are in the process of carving an expanding bubble into the near edge of a much 

larger, colder, invisible molecular cloud. Hubble images of the region directly reveal 

dark, dust shrouded protoplanetary disks silhouetted against the brighter 

surrounding gas, with the still forming protostars at their centers visible only in 

infrared light, stars literally being born in real time. The related Eagle Nebula hosts 

another well known star forming feature, the Pillars of Creation, where dense knots of 

gas resist erosion by nearby massive stars' ultraviolet radiation longer than their 

surroundings, producing tall, finger like structures that shelter and shadow still 

forming stars at their tips. 

Nebula boundaries and internal structure are further shaped by expanding shock 

waves from stellar winds, supernovae, and planetary nebulae colliding with the thin 

interstellar medium, producing filaments, sharp edges, and other structures like the 

well known Horsehead Nebula and the large arc of Barnard's Loop. Dust clouds 

appearing entirely dark in visible light are, in fact, actively glowing when observed in 

the far infrared or millimeter wavelengths, a reminder that an object's true nature 

often depends on which part of the electromagnetic spectrum one chooses to 

observe it in. 

The Milky Way Galaxy 
Assembling stars, clusters, and nebulae together reveals their shared home: the 

Milky Way galaxy, a vast, flattened disk of gas, dust, and several hundred billion stars 

roughly 100,000 light years across and several thousand light years thick, within 

which the Sun sits about halfway out from the center. The name derives from the faint 

band of light visible from dark sites, which ancient Greeks called galaxias, milky; 
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Galileo's telescope first revealed that this glow is actually composed of countless 

individual, unresolved stars. The more accurate modern picture of the galaxy's shape 

emerged from the asymmetric sky distribution of globular clusters, revealing the Sun's 

true offset position, roughly 25,000 light years from the galactic center, and from 

radio observations of star forming gas clouds, whose Doppler shifts allowed 

astronomers to map the galaxy's large scale spiral structure despite obscuring dust. 

The Milky Way's disk hosts sweeping spiral arms, converging near an elongated 

central bar of older, redder stars; the exact number of arms remains debated. Rather 

than being fixed physical structures that would wind up increasingly tightly over time, 

spiral arms are explained as density waves, analogous to a traffic jam, in which the 

pattern of congestion persists and propagates even as individual cars, stars and gas 

clouds, continually enter and exit it. As gas clouds pass through a spiral arm's density 

wave, increased density can trigger the birth of new, especially massive, short lived 

blue stars, which is why spiral arms appear preferentially blue and are the galaxy's 

primary sites of ongoing star formation; the Sun currently sits just outside a minor 

spiral feature called the Orion Arm. 

The galaxy's central bulge is now understood to be an elongated, cylindrical bar 

of old, red stars pointed nearly toward Earth, making it appear more circular from our 

vantage point than it truly is, within which star formation ceased long ago once 

available gas was exhausted. At the very center lies a supermassive black hole of 

roughly 4.3 million solar masses, an enormous number in absolute terms but a tiny 

fraction of the galaxy's total stellar mass. Surrounding the entire disk and bulge is a 

vast, roughly spherical halo of old stars and globular clusters, over 150 known, 
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extending to more than 100,000 light years, thought to include material accreted 

from smaller satellite galaxies over cosmic time. 

Galaxies and Their Classification 
In 1920, astronomers Harlow Shapley and Heber Curtis publicly presented 

opposing views on the nature of the faint, fuzzy spiral nebulae then visible in 

telescopes: Shapley argued the Milky Way constituted the entire universe, while Curtis 

argued these objects were independent island universes comparable to the Milky Way 

itself. The debate was resolved only a few years later when Edwin Hubble and Milton 

Humason, using the world's largest telescope at the time, identified pulsating variable 

stars within the Andromeda nebula and used their known period luminosity 

relationship to calculate a distance of roughly 900,000 light years, far beyond any 

plausible size of the Milky Way, definitively establishing that Andromeda, and by 

extension similar objects, were separate galaxies in their own right. 

Galaxies fall into four broad structural classes. Spiral galaxies, like the Milky Way, 

combine a rotating disk of gas, dust, and stars with a central bulge and an extended 

stellar halo, and further subdivide by how tightly and cleanly their spiral arms are 

organized and by viewing angle. Elliptical galaxies range from nearly spherical to 

elongated, cigar like shapes, generally lack significant gas and dust, and are 

dominated by older, redder stars, with sizes ranging from small dwarf ellipticals to 

some of the largest galaxies known. 

Elliptical galaxy formation is a consequence of galactic collisions: when two 

galaxies' mutual gravity draws them together, they may pass through or past each 

other repeatedly over hundreds of millions of years, producing dramatic tidal 
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distortions before eventually merging entirely, with the enormous orbital energy of 

the encounter randomizing stellar orbits into the puffy, structureless distribution 

characteristic of an elliptical galaxy. Individual stars essentially never physically collide 

during such mergers, given the vast distances between them relative to their size, but 

the far larger interstellar gas clouds within each galaxy do collide, triggering intense 

new star formation. Larger galaxies can also simply absorb and disrupt smaller ones 

outright; the Milky Way itself is currently absorbing several smaller satellite galaxies. 

Peculiar galaxies, distinctly distorted shapes and generally also collision products, 

and irregular galaxies, small, genuinely shapeless systems including the Milky Way's 

own satellites, the Large and Small Magellanic Clouds, round out the classification 

scheme. 

Active Galaxies and the Large Scale Structure of the 

Universe 
In the 1960s, the object 3C273 was found to be a compact, star like point 

emitting extraordinary amounts of radio energy; spectroscopy revealed it was not a 

nearby star at all but an entire galaxy over two billion light years away, blasting out 

roughly 4 trillion times the Sun's energy output, at the time the most luminous object 

ever observed, leading to the term quasar. Many more such objects were subsequently 

found, some emitting intensely in X rays or gamma rays as well, and are collectively 

termed active galactic nuclei. 

Essentially every large galaxy, including the Milky Way, harbors a supermassive 

black hole at its center, and an active galaxy is one where that black hole is actively 
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accreting surrounding matter. Infalling gas, dust, or disrupted stars form a 

superheated, rapidly spinning accretion disk just outside the event horizon; frictional 

and magnetic processes within this disk heat material to millions of degrees, causing 

it to radiate intensely across the electromagnetic spectrum, while some active galaxies 

additionally launch focused, near light speed jets of matter and energy along the 

black hole's rotation axis. The Milky Way's own central black hole is currently 

quiescent, occasionally flaring as it consumes small amounts of infalling gas, but 

galactic collisions are an effective mechanism for funneling large amounts of gas 

toward a central black hole and switching a galaxy's nucleus into an active state. 

The Milky Way belongs to the Local Group, a small collection of several dozen 

mostly small galaxies dominated by two giants, the Milky Way and the larger 

Andromeda galaxy, which are approaching each other and are expected to collide and 

merge into a single larger galaxy in several billion years, a merger during which the 

two galaxies' respective supermassive black holes will likely also merge. Beyond the 

Local Group lies the much larger Virgo Cluster, roughly 50 million light years away 

and containing well over a thousand galaxies, and clusters themselves aggregate 

further into superclusters, with superclusters arranged along vast filaments separated 

by comparatively empty voids, producing a large scale, foamy, web like structure to 

the universe as a whole. 

The Hubble Deep Field, a landmark 1990s observation in which the Hubble 

Space Telescope stared for an extended period at an apparently empty patch of sky, 

revealed thousands of previously unseen galaxies; extrapolating this result across the 

entire sky yields an estimated total of roughly 100 billion galaxies in the observable 

universe. Applied curiosity at this scale is itself a remarkable achievement. 
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Gamma Ray Bursts 
One of astronomy's more unusual discovery stories is rooted in Cold War 

geopolitics. Following the 1963 treaty banning nuclear weapons tests in space, the 

United States launched the Vela series of satellites specifically to detect the telltale 

gamma ray flash of any clandestine nuclear detonation. While analyzing Vela data, 

scientists identified a gamma ray flash on July 2, 1967, that did not match the known 

signature of a nuclear weapon; as further such events accumulated, they were found 

to originate from deep space rather than from Earth or nearby orbit, and were 

published in 1973 as an unexplained astrophysical phenomenon, subsequently termed 

gamma ray bursts. 

Gamma ray bursts proved exceptionally difficult to study because early gamma 

ray telescopes had poor positional precision and the bursts themselves faded within 

seconds to minutes, leaving no time to redirect other instruments before any visible 

afterglow vanished. The 1997 BeppoSAX satellite finally provided fast, precise enough 

positions to allow ground based telescopes to catch a fading afterglow for the first 

time, revealing that these bursts originate from faint, extremely distant galaxies, 

implying they release almost unimaginable amounts of energy, more than even a 

supernova could plausibly explain if radiated in all directions equally. 

The resolution is that this energy is not emitted spherically but focused into 

narrow, powerful beams. Long gamma ray bursts, lasting more than about two 

seconds, result from the core collapse of an especially massive star into a black hole, 

in which the resulting accretion disk launches twin, highly collimated jets of matter 

and energy at nearly the speed of light along the collapsing star's rotation axis, an 

event energetic enough to be termed a hypernova. Short gamma ray bursts, lasting 
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less than about two seconds, result instead from the merger of two neutron stars in a 

tight binary system, whose orbit gradually decays due to the emission of gravitational 

waves until the two stars collide and briefly form an ultra dense accretion disk around 

a newly formed black hole. 

Because this energy is tightly beamed, an event visible from Earth requires that 

beam to be pointed almost directly at us, which lowers the probability of exposure 

but raises the effective danger distance considerably, potentially to roughly 7,000 

light years, versus only a few hundred light years for an ordinary supernova. Two 

potentially concerning stars, Eta Carinae and WR 104, lie near the outer edge of this 

danger zone but do not currently appear to be aimed at Earth. Dedicated satellites, 

notably NASA's Swift mission, have detected several hundred bursts, which can fairly 

be described as the birth cries of newly forming black holes. 

Dark Matter 
One of the most consequential unresolved puzzles in modern astronomy 

concerns what galaxies are actually made of. In the 1960s and 1970s, astronomer Vera 

Rubin measured how fast gas clouds orbit at various distances from the centers of 

spiral galaxies, expecting, by analogy with planetary orbits, that orbital speed would 

decline toward a galaxy's outer edge. Instead, she found that orbital speeds remained 

roughly constant, or even increased, at large distances, far more than the visible 

matter could gravitationally account for, implying each galaxy is embedded in a much 

larger, invisible halo of additional mass, roughly five to six times the visible amount. A 

similar excess had been noted decades earlier by astronomer Fritz Zwicky, who found 

that galaxies within galaxy clusters were moving too fast to remain gravitationally 
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bound unless significant unseen mass were also present; Zwicky is generally credited 

with coining the term dark matter. 

After systematically ruling out every plausible form of ordinary matter, cold gas, 

dust, dead stars, rogue planets, since each would in principle be detectable through 

some form of emitted or absorbed light, astronomers concluded that dark matter 

must be composed of some exotic type of particle that has mass, and therefore 

gravity, but interacts extremely weakly, if at all, with ordinary matter and light; 

hypothetical candidates such as axions fit these required properties, though no such 

particle has yet been directly detected. 

The Bullet Cluster, a system in which two galaxy clusters are caught in the act of 

colliding, offers particularly persuasive evidence. X ray observations reveal that the 

hot intracluster gas from the two clusters, which physically collides and slows during 

the encounter, has become separated from and lags behind the visible galaxies, which 

largely pass through each other unimpeded. Using gravitational lensing, the bending 

of light from more distant background galaxies by the cluster's total gravitational 

mass, astronomers mapped where the bulk of the system's actual mass resides, and 

found it centered on the collision separated galaxies rather than on the slowed, X ray 

bright gas, exactly as expected if that mass consists of a largely collisionless form of 

dark matter. 

Current models indicate that, without dark matter's extra gravitational pull, the 

heat and radiation released by newly forming stars and galaxies in the early universe 

would have prevented larger structures from ever coalescing; dark matter, unaffected 

by that radiation, could begin clumping together earlier and more effectively, 

providing the gravitational scaffolding around which ordinary, visible matter later 
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collected to form galaxies, clusters, and superclusters. Roughly 85 percent of the 

universe's total matter is estimated to be dark matter, meaning the ordinary, directly 

observable matter that makes up planets, stars, and living things is a decided minority 

constituent of the cosmos. 

The Big Bang and the Expanding Universe 
The early twentieth century assumption of a static, unchanging universe did not 

survive scrutiny. In 1912 to 1917, Vesto Slipher measured the spectra of the then 

mysterious spiral nebulae and found that most showed strong redshifts, implying they 

were rushing away from us at high speed. Around the same time, theoretical physicists 

Georges Lemaitre and Alexander Friedmann, independently analyzing Einstein's 

general relativity equations, found that a genuinely static universe was not a stable 

solution and proposed instead that the universe must be expanding or contracting; 

Edwin Hubble and Milton Humason then combined Slipher's redshift data with 

independently measured galaxy distances and found a direct relationship: the farther 

away a galaxy is, the faster it appears to be receding, confirming that space itself is 

expanding. 

Running this expansion backward in time implies that the universe was once far 

smaller, denser, and hotter than it is today, eventually converging toward an initial 

state of near infinite density popularly known as the Big Bang. The model made a 

testable prediction: since light from a sufficiently early, hot, and dense universe would 

have been stretched, or redshifted, by billions of years of subsequent cosmic 

expansion, it should now appear not as visible light but as faint microwave radiation, 

uniformly present across the entire sky. In 1965, radio astronomers Arno Penzias and 
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Robert Wilson accidentally discovered exactly this uniform microwave background 

noise, providing decisive confirmation of the Big Bang model; later satellite missions 

in the 1990s mapped this cosmic microwave background in exquisite detail. 

Additional independent lines of evidence reinforce the model, including the 

predicted abundance ratios of light elements, hydrogen, helium, and trace lithium, 

formed in the universe's earliest minutes, which match observed cosmic abundances, 

and the large scale distribution of galaxies and galaxy clusters. The Big Bang was not 

an explosion of matter into pre existing empty space from a single point, but rather 

the origin and subsequent expansion of space itself, carrying matter along with it, 

illustrated by a rubber ruler analogy in which stretching the ruler causes every mark to 

recede from every other mark simultaneously, regardless of which mark one measures 

from, meaning the universe has no true center and no location within it is more 

special than any other. Using the measured current expansion rate combined with the 

physics of how that rate would have changed over cosmic history, the currently best 

measured age of the universe is approximately 13.82 billion years. 

Dark Energy and the Accelerating Universe 
The combined gravity of all the matter in the universe, including dark matter, 

should act as a brake on cosmic expansion over time, much as gravity decelerates a 

thrown object. In the 1990s, two independent research teams set out to measure this 

expected deceleration by observing extremely distant Type Ia supernovae, whose 

consistent peak luminosity allows precise distance measurement. Instead of the 

anticipated slowing, both teams found that distant supernovae were systematically 
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fainter, and therefore farther away, than a simply expanding, decelerating universe 

would predict: the expansion of the universe is not slowing down, it is speeding up. 

This result implies the existence of some pervasive, currently poorly understood 

form of energy that actively counteracts gravity's pull on the largest scales, pushing 

space to expand at an ever increasing rate, named dark energy. Precise measurements 

now indicate dark energy constitutes roughly two thirds of the universe's total mass 

energy budget, with dark matter making up most of the remainder and ordinary, 

directly observable matter accounting for only a small fraction of the total. 

The universe's overall geometry, whether the total amount of matter would 

eventually halt and reverse the expansion, allow it to continue forever, or balance at a 

critical threshold, was once thought sufficient on its own to determine cosmic fate. 

With dark energy now factored in, current evidence indicates the universe's expansion 

will continue accelerating indefinitely regardless of geometry, meaning galaxies not 

gravitationally bound to our own Local Group will, over sufficient time, recede at an 

ever faster pace. 

Because the fabric of space itself can expand faster than light, a constraint that 

applies only to matter and information moving through space, not to space's own 

expansion, there exists a genuine cosmic horizon beyond which no signal, including 

light, can ever reach us, currently estimated at roughly 45 billion light years, defining 

the edge of the observable universe. Because dark energy driven acceleration 

continually pushes progressively more galaxies beyond this horizon over time, the 

portion of the universe humanity can, in principle, ever observe is very gradually 

shrinking, a genuinely strange consequence of an expanding, accelerating cosmos. 
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A Timeline of the Early Universe 
Known physics, much of it tested using particle accelerators that recreate the 

high energy conditions of the universe's earliest moments, combined with 

astronomical observation, allows a specific chronological timeline of cosmic history 

to be assembled. In its earliest instants, the universe was so hot that even the 

fundamental forces of nature, gravity, electromagnetism, and the strong and weak 

nuclear forces, were unified into a single force, and matter could not exist in any of its 

familiar forms; current physics cannot yet describe conditions earlier than roughly 10 

to the negative 43 seconds after the Big Bang, the Planck time, a boundary of current 

theoretical understanding rather than a claim about what did or did not happen 

before it. 

As the universe expanded and cooled through its first fraction of a second, the 

four fundamental forces separated into their present distinct forms, and progressively 

more familiar particles, quarks, then protons and neutrons, then eventually stable 

atoms, became able to exist without being immediately torn apart by ambient heat. 

Roughly three minutes after the Big Bang, conditions briefly permitted nuclear fusion, 

producing the universe's primordial hydrogen to helium ratio, roughly 3 to 1, still 

observed in stars today, before further expansion cooled the universe below the 

threshold needed to sustain fusion roughly seventeen minutes later. 

A pivotal event, called recombination, occurred around 380,000 years after the 

Big Bang, when the universe had cooled enough for electrons to finally bind stably to 

atomic nuclei rather than being continually stripped away by ambient radiation; 

because free electrons scatter light very effectively, the universe transitioned at this 

moment from an opaque, glowing fog to a transparent medium, and the light released 

ASTRONOMY 73



at that instant, since redshifted by billions of years of subsequent expansion into 

microwave wavelengths, is observed today as the cosmic microwave background. This 

background radiation is nearly perfectly uniform across the entire sky, with only 

extremely tiny, roughly one part in 100,000, temperature variations, a smoothness 

that led physicist Alan Guth to propose cosmic inflation: an extraordinarily rapid, 

exponential expansion of space occurring within a tiny fraction of a second after the 

Big Bang, which would have stretched any pre existing irregularities in the very early 

universe down to a scale far smoother than would otherwise be expected, while also 

stretching tiny quantum scale fluctuations up to macroscopic size. 

Those stretched quantum fluctuations, preserved as the faint temperature 

variations later observed in the cosmic microwave background, are understood to be 

the gravitational seeds around which matter, first dark matter, then ordinary gas, 

gradually collected over hundreds of millions of years, eventually collapsing to form 

the universe's first stars roughly 400 million years after the Big Bang, and 

subsequently the galaxies, clusters, and superclusters described throughout this 

survey. Many open questions remain, including the precise nature of dark energy and 

dark matter, whether other universes might exist, and what, if anything, preceded the 

Big Bang, but it remains remarkable that a chronological account of the universe's first 

fractions of a second can be constructed with any confidence at all. 

The Far Future of the Universe 
Projecting the universe's history forward across almost unimaginable timescales, 

astronomers Fred Adams and Greg Laughlin have proposed a five stage framework. 

The current era, the Stelliferous Age, in which the universe is presently about 13.8 
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billion years into a span expected to last on the order of trillions of years, is defined 

by stars as the dominant energy producing objects; it will gradually end as galaxies 

exhaust their supply of star forming gas and, more slowly, as even the longest lived 

stars, the lowest mass red dwarfs, capable of shining for roughly a trillion years, 

eventually burn out. 

Once star formation and fusion have ceased entirely, the universe enters the 

Degenerate Era, populated only by stellar remnants, white dwarfs, neutron stars, black 

holes, and brown dwarfs, that gradually cool and fade, occasionally punctuated by 

rare, brief flares from merging white dwarfs or merging neutron stars. Deep into this 

era, current particle physics models predict that protons themselves are unstable and 

will very slowly decay, with a half life estimated at 10 to the 34th years or considerably 

longer; as protons decay, all remaining ordinary matter will gradually disintegrate, a 

process expected to complete by roughly 10 to the 40th years after the Big Bang. 

Following this, only black holes remain, ushering in the Black Hole Era. Although 

generally thought of as permanent, black holes are predicted by combining general 

relativity with quantum mechanics to very slowly emit particles and radiation and thus 

gradually lose mass over immense timescales, an effect called Hawking radiation, with 

a stellar mass black hole requiring roughly 10 to the 68th years to fully evaporate, and 

even the largest supermassive black holes requiring on the order of 10 to the 92nd 

years. 

Once even the last black hole has evaporated, the universe enters what Adams 

and Laughlin term the Dark Era: an essentially empty, cold expanse of scattered, 

extremely low energy particles and photons, potentially persisting indefinitely. Two 

possibilities could interrupt this bleak endpoint: our universe may be only one of 
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many in a larger multiverse, unaffected by our own universe's fate, or, in a more 

speculative physics hypothesis, the vacuum of space may not be at its lowest possible 

energy state, and a random quantum fluctuation somewhere, at some far future time, 

could trigger a transition to a genuinely lower energy true vacuum, propagating 

outward at the speed of light and effectively rewriting the fundamental laws of physics 

within an ever expanding bubble, a possible reboot, perhaps even mirroring how our 

own universe itself may have originated. 

Exoplanet Biosignatures and the Search for Life 
A natural closing question, after surveying cosmic structure and fate, is whether 

we are alone. The growth of exoplanet science has been explosive: while early 

discoveries were dominated by massive, close orbiting hot Jupiters, improving 

detection methods have since revealed a growing number of smaller, potentially Earth 

like planets. The next major step is atmospheric characterization, detecting whether 

such a planet's atmosphere contains oxygen or other chemically reactive, biologically 

associated gases, since oxygen in particular reacts and depletes quickly without 

continuous replenishment, most plausibly by biological activity. This detection 

currently lies just beyond existing instrument capability but was expected to become 

feasible with next generation observatories such as the James Webb Space Telescope. 

There is a plausible statistical case for life's likely prevalence: extrapolation from 

exoplanet surveys suggests planets may outnumber stars in the galaxy, implying 

hundreds of billions of planets in the Milky Way alone, and on Earth, evidence of life 

dates back to within a few hundred million years of the planet's surface cooling 

enough to support it, suggesting that the basic chemical origin of life may not be a 

ASTRONOMY 76



particularly difficult or improbable step once suitable conditions exist. Combining a 

plausibly high frequency of planets with an apparently low barrier to life's chemical 

origin suggests basic, not necessarily intelligent, life could plausibly be common 

throughout the galaxy, even while this remains inference rather than direct evidence. 

On the separate question of intelligent, technologically capable life, there is a 

sharp distinction between believing extraterrestrial life is plausible and crediting UFO 

reports as visiting aliens. Earth's own evolutionary history shows complex, 

technological intelligence emerging only very recently and briefly relative to life's 

overall multi billion year history, and interstellar travel is prohibitively difficult and 

slow compared to simply broadcasting radio signals. This is the rationale behind the 

search for extraterrestrial intelligence, or SETI: rather than searching for physical 

visitors, SETI scans the sky for deliberate or incidental radio transmissions from other 

technological civilizations, on the premise that any sufficiently advanced society 

would find broadcasting information far more practical than physically traveling 

between stars. Improving survey technology, capable of scanning billions of stars, has 

been predicted to detect a genuine signal within roughly two decades if such signals 

are common, and a continued absence of detection would itself be scientifically 

informative. 

The questions driving modern astronomy, the universe's origin, whether other 

universes exist, the nature of stars and planets, and whether we are alone, were until 

recently the province of religion and philosophy alone, but are now, for the first time 

in human history, within reach of direct scientific investigation. The perpetually 

expanding set of new questions revealed by each new answer is not a source of 
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frustration but the central and enduring appeal of astronomy: reason enough to keep 

looking up. 

Conclusion 
This survey follows a consistent method throughout: start from what a human 

observer standing on Earth's surface can directly see, ask why it looks that way, and 

use the answer as a stepping stone to the next, larger question. A backyard telescope's 

resolution and light gathering power lead to the physics of gravity and orbits; the 

tides visible on any coastline lead to the tidal forces that lock moons to planets and, 

eventually, shred matter near a black hole; the color of starlight leads to the discovery 

that the universe itself is expanding. At almost every stage, this method produces the 

same structural result: each new instrument or technique reveals that the previously 

known universe was only a small piece of a much larger one. Earth is one planet 

among many, the Sun is one ordinary star among hundreds of billions in the Milky 

Way, the Milky Way is one galaxy among perhaps 100 billion, and even the matter that 

makes up planets, stars, and living organisms turns out to be a minority constituent of 

a cosmos dominated by dark matter and dark energy that remain only partially 

understood. 

What makes this recurring displacement notable is that it has never come at the 

cost of understanding; each revision has been accompanied by more precise, more 

predictive, and more thoroughly tested knowledge than the model it replaced, from 

Kepler's ellipses succeeding Ptolemy's epicycles to the Big Bang model succeeding a 

static universe. This same method extends naturally to the final open question, 

whether life exists elsewhere, treated not as a matter of speculation but as a genuinely 
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tractable scientific problem, now approachable through exoplanet atmospheric 

spectroscopy and radio search programs in much the same evidence based spirit that 

carries a curious mind from a backyard view of the night sky to the eventual fate of 

the universe itself, roughly 10 to the 92nd years from now. 
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