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A BRIEF HISTORY OF
THE SOLAR SYSTEM

O

Some people feel . . . that by delving into the inner workings

of something, we destroy the essential beauty and mystery

surrounding it. From my point of view, nothing could be

farther from the truth. . . . A rainbow is just as beautiful to

someone who understands how it works as to anyone else.”
—James Trefil, Medlitations at 70,000 Feet, 1985

THE PREHISTORY of the solar system is an astronom-
ical saga of star birth and death, of matter collapsing into grav-
itationally bound clouds of gas and dust and elements being
spewed into interstellar space. As the solar system formed, the
story shifts to one in which gravitational perturbations and colli-
sions between multikilometer-size objects play dominant roles.

Stars spend most of their lives in a state of balance between
their tremendous gravity, which pushes matter inward, and the
gas pressure caused by the energy released during nuclear fusion—
the transformation of hydrogen into helium—which pushes matter
outward (figure 1.1). But toward the end of their lives, stars run
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Figure 1.1. A stable star exists in a state of dynamic equilibrium in which the enormous weight of
gas pushing inward is matched by the outward gas pressure caused by nuclear fusion in the
stellar core. Surrounding the core is the convective zone, where hot parcels of gas move toward
the surface, release their energy, cool down, and sink. The outermost atmospheric layer is the
corona, which expands out from the star as a solar wind.

low on hydrogen and begin to release energy by creating heavier
elements in their nuclear-fusion furnaces. Very massive stars can
fuse helium into carbon and oxygen, and carbon into oxygen,
neon, sodium and magnesium. Eventually silicon, phosphorus,
and sulfur are produced and fused into iron. The fusion of heavy
elements is a massive star’s attempt to stave off the crushing ef-
fects of gravity, but it is a competition the star is doomed to lose.
When enough iron is built up in the core, the energy spigot is
turned off because it takes extra energy to split iron into lighter
elements or fuse it into heavier ones.

Gravity then causes the core to collapse. As the core contracts,
it heats up, eventually reaching temperatures of several billion
degrees. Enormously energetic photons produced at these tem-
peratures break down the iron nuclei into helium. This transfor-
mation uses up heat and cools the core. Gravity causes the core
to collapse again. Lighter elements rain down on the core and
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fuse explosively into heavier ones. The massive star becomes a
supernova as a shock wave blasts subatomic particles, heavy ele-
ments, and energetic photons out from the core and into the in-
terstellar environment.

The newly formed heavy elements mix with ancient molecules
that had previously escaped from the outer atmospheres of red
giant stars and planetary nebulae. (These latter misnamed objects
are expanding, nearly spherical clouds of hot gas ejected from old
stars. They are not planets.) Much of this interstellar material
becomes concentrated in giant molecular clouds such as the
Orion Nebula, one of the most massive objects in the Galaxy.
Giant molecular clouds are typically 300 light-years in diameter
and range in mass from that of 100,000 to 1 million Suns. They
are vast reservoirs of interstellar gas and dust held together by
magnetic fields and turbulent motions. They contain numerous
smaller dark clouds 5-15 light-years across. Gravitational insta-
bilities, decreases in gas turbulence, leaking magnetic fields, and
nearby supernova explosions can cause the small clouds to frag-
ment, some into clumps only a few times as massive as the Sun.
Loosely bound, multiple star systems known as stellar associa-
tions form from such clumps.

It seems likely that in some stellar associations, planets never
form—mineral grains accreting around one star may evaporate
after encountering sporadic intense radiation from a large, hot
neighboring star.

The cloud that formed our solar system began to rotate more
rapidly as it contracted. A significant fraction of the gas, dust,
and ice was compressed into a disk that planetary scientists call
the solar nebula. (The planets eventually formed from this disk;
this is why most planets orbit the Sun in nearly the same plane.)

The Sun’s equator is presently tilted about 6° relative to the
mean orbital plane of the planets around the Sun. This tilt may
reflect gravitational perturbation of the nebular disk by the close
passage of a star. The star itself may have been a small errant
sibling of the Sun that wandered off shortly after birth. Studies of
star clusters have shown that small stars tend to escape from the
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clusters relatively quickly. This “evaporation” process eventually
leads to disintegration of small clusters.

Interstellar gas and dust fell into the solar nebula, causing it to
heat up. Material flowed into the early Sun, and it eventually
became so massive that gravity exerted enough pressure in the
solar interior to spark nuclear fusion. Magnetic forces caused jet-
ting of molecular gas at the poles. The narrow gas jets, which
may have extended for several light-years, carried angular mo-
mentum away from the Sun. Accretion of material continued.
Eventually the supply of infalling material ran out, and the jets
shut off.

Early in its history, the Sun was chaotic, flaring up sporadically
and depositing large amounts of energy into the nebula. (Even at
middle age, the Sun is somewhat variable, exhibiting a 22-year
periodicity in solar activity. The Sun is 1 percent brighter about
every 11 years, near the times when the maximum number of
sunspots occurs.)

As the hot nebular gas around the nascent Sun cooled, silicate
grains and other minerals condensed (i.e., came out of the gas
phase as small solid particles). At lower temperatures, some fine-
grained condensate particles aggregated into dust grains; other
grains reacted with the gas to form new minerals.

The young energetic Sun generated powerful solar winds, driv-
ing water vapor and other gaseous materials out to about 5 AU,
where the temperature was cold enough for water to condense
into ice crystals. (An AU is an astronomical unit, equivalent to
the mean distance between Earth and the Sun, about 150 million
kilometers or 93 million miles.) The self-gravity of all this ice
enabled an icy planet of about 10 Earth-masses to accrete quickly.
This icy planet became the core of Jupiter; its large gravity field
caused vast amounts of gas to be swept up from the nebula as it
orbited the Sun.

At about the same time that Jupiter was forming, much else
was going on in the solar nebula. Poorly understood accretionary
processes were transforming dust into rocks and rocks into aster-
oid-size bodies known as planetesimals. Because meteorite re-
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searchers can study chips of these planetesimals and use them to
infer the nature of the nebula, it is useful to recount what we
think we know of how planetesimals formed.

High-energy events of some kind caused fine-grained nebular
materials to evaporate, leaving behind refractory residues (mate-
rials that require high temperatures to melt or vaporize). Small
chunks of rock in the primitive meteorites known as chondrites
formed from these residues as well as from condensates. These
chunks are rich in the refractory elements calcium, aluminum,
and titanium and are known as refractory inclusions, calcium-
aluminum inclusions, or CAls. Some of the CAls were remelted.

As the nebula cooled, less-refractory materials condensed and
accreted. Porous clumps of silicate-rich dust were transformed
into submillimeter-size spherules of melt, possibly after having
been blasted by bolts of lightning. Small molten globules of me-
tallic iron-nickel and sulfide were expelled from the spinning mol-
ten silicate droplets by centrifugal force. The residual silicate
droplets crystallized into spheroidal objects called chondrules.
Some chondrules collided with others and broke apart. In many
cases, whole chondrules and chondrule fragments became en-
trained in porous dust clumps and were melted again.

Aggregations of chondrules, chondrule fragments, calcium-
aluminum inclusions, metal, sulfide, and silicate dust within the
disk continued to collide with one another. On average, relative
velocities were low enough that gravity eventually caused these
aggregations to accrete into porous chondritic planetesimals (fig-
ure 1.2). Joining the planetesimals were small amounts of inter-
stellar dust that had formed around dying stars and had been
ejected into interstellar space; these materials accreted continu-
ously to the nebula. As the planetesimals grew larger, their grav-
itational effects increased. The orbits of other planetesimals were
perturbed, causing some of these bodies to collide. Such collisions
caused the porous planetesimals to compress and collapse.

Most planetesimals were heated, and many were melted. A mi-
nority of researchers believe that the porous planetesimals were
heated mainly by collisions. Most researchers believe that the
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Figure 1.2. A thin section of the unequilibrated ordinary chondrite Semarkona. The
rock consists mainly of chondrules and chondrule fragments embedded in a small
amount of fine-grained silicate-rich matrix material. The field of view is 13 X 17 mm.
(Courtesy of Jeff Taylor, University of Hawaii)
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heat came from the decay of the short-lived radionuclide alumi-
num 26 (i.e., aluminum atoms with 13 protons and 13 neutrons).
If sufficient amounts of this isotope were available, the planetesi-
mals would have melted. The aluminum 26 itself may have formed
in a recent supernova explosion or through irradiation by the
early Sun.

Minor melting along grain boundaries transformed porous ma-
terials into rocks. Many of the rocks were heated and recrys-
tallized. In some cases, water-bearing silicate minerals that had
accreted to the planetesimals were dehydrated, causing fluid alter-
ation of materials near the surface.

All the planetesimals were hit repeatedly by meteoroids. Some
regions were melted by the shock energy released by these im-
pacts; other regions were shattered. In some cases, projectiles col-
liding at low relative velocities were incorporated intact into the
target rocks. Fine-grained material was chipped off rocky out-
crops by micrometeoroids to form unconsolidated soil. Rare-gas
molecules streaming out of the Sun adhered to the surfaces of
tiny mineral grains in the soil. Some grains were damaged by
high-energy particles released by solar flares.

In different regions of the nebula, planetesimals colliding at
low relative velocities stuck together, some eventually forming the
cores of planets. The massive gravity of nascent Jupiter perturbed
the orbits of nearby planetesimals, causing them to collide at
higher relative velocities. Those bodies with orbital periods reso-
nant with that of Jupiter were flushed out of the region. Many
were expelled from the solar system, some fell into the Sun, and
others rained down on the rocky planets in the inner solar sys-
tem. The dispersal of objects in Jupiter’s proximity caused a
dearth of residual mass in the asteroid belt and in the vicinity of
Mars. Mars ended up only 11 percent as massive as Earth.

Because the amount of material in the nebular disk in the vi-
cinity of Uranus and Neptune was probably low, some theorists
have argued that these two giant planets did not form in their
present locations. Instead, their rocky cores may have formed
near Jupiter and Saturn and were then gravitationally perturbed
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Figure 1.3. The scale of the solar system. The inner planets (rocky and metallic
bodies) are in the upper part of the diagram; gas giants and icy planetesimals (in-
cluding Pluto) of the Edgeworth-Kuiper Belt are in the center; and the inner edge of
the Oort Cloud of comets is at the bottom. The scale expands from top to bottom.
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away; after a few hundred thousand years, the Uranus and Nep-
tune embryos settled into their present orbits (figure 1.3).

As the giant planets formed, electrically conducting material
flowing deep within them interacted with the magnetic field
stretching out from the Sun to produce planetary magnetic fields.
The conducting material was probably liquid metallic hydrogen
in Jupiter and Saturn and an electrolytic solution of water in
Uranus and Neptune.

As planetesimals and planetary embryos were scattered about,
particularly energetic impacts of these bodies with the major
planets tilted the planets and affected their rotation rates. Uranus
got tipped on its side by the off-center impact of a projectile the
size of Earth. The hypothesized impact on Earth more than four
billion years ago of a projectile a few times the mass of Mars
probably formed the Moon.

Many planetesimals collided with each other. The remnants
now residing between Mars and Jupiter are known as asteroids
(meaning “starlike”); these small bodies appear only as pinpoint,
starlike images in all but the largest optical telescopes. Some as-
teroids were hit hard and disrupted, their fragments remaining in
orbits similar to those of their parents. These groups of sibling
objects possessing similar orbits are known as asteroid families.
Other planetesimals were hit hard enough to break apart but not
hard enough for most of the fragments to reach escape velocity.
The fragments fell back together, forming poorly compacted, cha-
otic piles of rubble. This process of collisional disruption and
gravitational reassembly may have affected most large asteroids,
turning them inside out and mixing together materials from the
cores and surfaces (figure 1.4).

Some asteroid fragments were left with distinct double-lobed
shapes resembling giant peanuts or dog bones. In some cases,
these asteroids may consist of two separate bodies in contact. The
subsequent collisions of such objects with the Moon or Earth can
produce double craters.

As the giant planets formed, small satellites accreted in orbit
around them. The planets’ more distant satellites were gravita-

0115



e CHAPTER ONE »

impact

disruption

gravitational
reassembly

Figure 1.4. Schematic time sequence showing the process of impact, disruption of
the colliding objects, and gravitational reassembly of an appreciable fraction of the
debris. Reassembly is defined as occurring when more than half of the fragments of
the target asteroid have insufficient kinetic energy to reach escape velocity and,
hence, fall back together.

tionally captured as they wandered by. Even Mars (with far less
mass than the giant planets) captured a couple of small asteroids
in its vicinity. The gravitational fields of the planets caused most
of their satellites to become tidally locked, forcing them to rotate
on their axes at the same rate that they revolved around their
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parent planet. Hence, they always show the same face to their
primary planet just as the Moon does to Earth.

Gravitational tugs on some of the moons in the outer solar
system by their planet and by neighboring moons caused severe
tidal heating. Their icy surfaces melted and flowed. Images of
Jupiter’s moon Europa taken by recent spacecraft flybys have re-
vealed icebergs that appear to have cracked and drifted apart.
Most scientists believe that Europa has an ocean of liquid water
beneath a cap of ice. Its neighboring moon lo, tugged on by both
Jupiter and Europa, experienced great internal heating and ex-
pelled much of its initial allotment of volatile compounds from
hundreds of volcanoes dotting its surface.

Each of the giant planets produced a system of orbiting rings of
dust and ice. Some rings are held in place by the gravitational
pulls of small moonlets. Some rings are continuously replenished
from particles knocked off nearby satellites by collisions. Some
rings may have formed by collisional or tidal disruption of orbit-
ing moons.

Asteroids occupying the same orbital plane as Jupiter but lead-
ing or trailing the planet by 60° in their orbits are in gravita-
tionally stable locations called Lagrangian points (the so-called L4
and Ls points). Several hundred bodies known as Trojan aster-
oids are distributed around both of these points. Most were prob-
ably captured early in solar-system history (figure 1.5).

Icy planetesimals, commonly known as comets, accreted in the
outer solar system where the giant planets now reside. Billions of
these planetesimals were flung thousands of astronomical units
away from the Sun by gravitational interactions with the giant
planets. The Oort Cloud is the spherical swarm of these icy plan-
etesimals at the outskirts of the solar system; it extends out to
about 50,000 AU.

Other icy planetesimals remained closer to the Sun, just beyond
the orbit of Neptune in a region known as the Edgeworth-Kuiper
Belt. The largest of these objects is Pluto. The Edgeworth-Kuiper
Belt is also the source of the vast majority of comets entering the
inner solar system.
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Figure 1.5. Two groups of planetesimals, known as Trojan asteroids, occupy the
gravitationally stable Lagrangian points located 60° ahead of and 60° behind Jupiter
along Jupiter’s orbital path.

A few comets passing through the inner solar system come
from the Oort Cloud. As the Sun orbits the galactic center once
about every 240 million years, it occasionally passes relatively
close to neighboring stars. Gravitational tugs from these stars af-
fect the orbits of comets in the Oort Cloud. The orbits are also
affected by the gravitational pull of giant molecular clouds and
by the myriad stars in the galactic disk. A few of the Oort Cloud
comets are diverted by these gravitational tugs toward the inner
solar system. Some occasionally brighten our evening skies, and
sometimes one strikes Jupiter, the Moon, or Earth, or explodes in
our lower atmosphere.

After Earth had melted, devolatilized, formed a metallic-iron
core, and begun to cool, the impacts of icy planetesimals brought
water and other volatile compounds to the surface. Sometime
around three and a half to four billion years ago, the first organ-
isms emerged from a sterile world. As life evolved on Earth, it
had to contend with volcanic eruptions, shifting continents,
earthquakes, changing climates, colliding asteroids, and perhaps

0140



e HISTORY OF THE SOLAR SYSTEM

ionizing radiation from occasional nearby supernova explosions.
Early photosynthesizing organisms produced oxygen, and within
one and a half to two billion years had oxygenated the ocean and
dramatically changed the composition of the atmosphere. As in-
dividual organisms lived and died, some minuscule fraction were
deposited in sediments that hardened into fossil-bearing rocks.
Many of these rocks were later eroded by wind, water, and mov-
ing glaciers; others were buried and metamorphosed. But many
fossil-bearing rocks remained. Their study has unlocked some of
the secrets of the early history of life, although life’s ultimate ori-
gin has so far proven elusive.

The eventual development of consciousness and speech enabled
one species to build telescopes, explore the cosmos, and ponder
the possibilities of extraterrestrial life. Out of their brains poured
myth, religion, mathematics, technology, philosophy, and science.
It was this species, the human species, that first began telling sto-
ries of the solar system. But, as the Renaissance philosopher
Francis Bacon (1561-1626) cautioned, “[t]he mind of man is like
an enchanted glass, full of superstitions, apparitions, and impos-
tures.” When filtered through such an imperfect apparatus as the
human mind, it is not surprising that our stories tend to reflect
our cultural, political, and religious biases.

Nevertheless, our telescopes, spacecraft, and computers have
provided enormous amounts of information about the present
state of the solar system and its likely origin. Astronomers and
solar physicists also have a good idea of the end of the story: in a
few billion years, the Sun will balloon out as a red giant, engulf-
ing Mercury and Venus and scorching the surface of Earth. The
oceans will boil, and life on Earth will cease. While many details
of solar-system history remain hidden, we have enough informa-
tion to spin a good yarn.

A fundamental property of the solar system is its position in the
Galaxy. Surprisingly perhaps, this location is important to the
history of life. The center of the Galaxy is an active region, full of
radiation. If the solar system had formed near there, the origin of
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life would have been problematic. On the other hand, stars in
clusters above the plane of the Galaxy are poor in heavy elements
and probably lack rocky planets. The story of how scientists de-
duced the location of the solar system is an instructive one in the
history of astronomy. It is filled with brilliant insights, painstak-
ingly obtained data, numerous mistakes, and agonizingly slow
progress. It is the story we take up next.
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