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The solar system

1 Sun

Rotation period: 25-35 days Diameter: 1,391,700 km (864,400 miles)

2 Mercury

Orbital period: 88 days Rotation period: 58.6 days Diameter: 4,878 km (3,030 miles)

3 Venus

Orbital period: 224 days Rotation period: 243 days Diameter: 12,104 km (7,518 miles)

4 Earth

Orbital period: 365.25 days Rotation period: 24 hours Diameter: 12,756 km (7,923 miles)

5 Mars

Orbital period: 687 days Rotation period: 24.6 hours Diameter: 6,787 km (4,216 miles)

6 Ceres (dwarf planet within the main asteroid belt) Orbital period: 4.6 Earth years Rotation period: 9.1 hours Diameter: 975 km (606 miles)
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7 Jupiter

Orbital period: 11.86 Earth years Rotation period: 9.9 hours Diameter: 142,800 km (88,700 miles)

8 Saturn

Orbital period: 29.5 Earth years Rotation period: 10.6 hours Diameter: 120,500 km (74,800 miles)

9 Uranus

Orbital period: 84.2 Earth years Rotation period: 17.2 hours Diameter: 51,118 km (31,750 miles)

10 Neptune

Orbital period: 164.8 Earth years Rotation period: 16.1 hours Diameter: 49,528 km (30,762 miles)

11 Pluto (dwarf planet)

Orbital period: 247.7 Earth years Rotation period: 6.4 days Diameter: 2,370 km (1,470 miles)

12 Eris (dwarf planet)

Orbital period: 560.2 Earth years Rotation period: c.25.9 hours Diameter: 2,400 km (1,490 miles)
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Introduction

Our solar system is the region of the Universe about which we know the most – an array of planets, moons and smaller bodies held in orbit around a huge ball of exploding gas that provides them with heat and light. It’s the one region of the cosmos that we can visit directly – currently using robotic probes, but in the future through human exploration as well.

The more we learn, the more complex the solar system becomes – each of its planets and major moons has a unique evolutionary history, preserved in geological scars or internal chemistry. Even smaller objects such as asteroids and comets show surprising variety as we learn more about them. It is also now clear that the solar system is a dynamic place – its objects might be separated by vast gulfs of empty space, but over timescales of millions of years or more, close encounters and even collisions are fairly common. Computer simulations are now revealing how the orbits of the planets and their moons have evolved over time, and how similar processes continue to influence asteroids and comets.
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The Solar System in Minutes is a concise yet comprehensive guide to the wonders of our cosmic back yard, from bloated giant planets that swallow comets whole, to volcano-tortured moons and deep-frozen outcasts in 10,000-year orbits. Every major object (and a significant number of minor ones of special interest) has an entry – if not a chapter – to itself, broadly in order from the Sun outwards. Planet Earth, famously described as the ‘third rock from the Sun’, of course has its own chapter, but many other worlds we shall visit also have much to tell us about our home. Some preserve episodes in the solar system’s shared history; some reveal secret mechanisms that are obscured on Earth’s ever-changing surface; and others serve as ‘what ifs?’ – cautionary tales of how our planet might have turned out if things had been just slightly different.

A final chapter offers a brief review of our explorations in the solar system so far, and prospects for the future. Crewed missions to other worlds will be expensive and dangerous, but are surely inevitable. They will certainly make scientific discoveries we cannot yet imagine, and by stretching the limits of our technological capability may prove our species worthy of long-term survival – not as residents of one small, vulnerable ball of rock, but as citizens of the wider Milky Way galaxy.
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What is the solar system?

Most astronomers would agree with a broad definition of the solar system as the region of space dominated by the influence of the Sun. Beyond that, however, differences soon emerge over exactly how to define the Sun’s ‘dominance’. Some take a more limited view that the solar system extends as far as the heliopause, a region where the stream of particles driven out from the Sun
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on the solar wind comes to a halt in the face of pressure from an ‘interstellar medium’ made of stellar winds from countless other stars. By this definition, solar influence only reaches about 123 times further than Earth’s orbit around the Sun, and NASA’s Voyager spaceprobes have therefore already left the solar system.

A more inclusive definition, however, is based on the dominance of the Sun’s gravity. This extends the solar system almost a thousand times further, out to the most remote comets that orbit the Sun at distances of about one light year. This is the definition used for objects that merit inclusion in this book.
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Scale of the solar system

The distances between planets are huge when considered

in everyday terms – if you could get into a car and simply drive to the Sun at an average speed of 100 km/h (60 mph), the journey would take 170 years. For this reason, astronomers use much larger units of measurement when considering distance in the solar system. The astronomical unit (AU) is defined as the average distance between the Earth and the Sun, 149.6 million km (93 million miles). In terms of AU, the orbits of the planets range from innermost Mercury (an average of 0.39 AU from the Sun, though this varies considerably – see page

70), out to Neptune (an average of 30.11 AU from the Sun). The asteroid belt (which divides the solar system into rocky inner planets and giant outer planets) encircles the Sun between 2 and 3.3 AU, while the Kuiper Belt of icy dwarf planets is thought to extend to about 100 AU. The distant Oort Cloud forms a shell around the solar system out to a distance of about 63,000 AU, or 1 ‘light year’ – its outer edges are so far away that light from the Sun takes a year to reach them.
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Orbits and gravity

The Sun’s gravity is the dominant force in the solar system. Physically, gravity is a force exerted by objects with mass that draws other objects towards them. However, in practical terms, the effect of this attraction is often to maintain less massive objects on a more or less stable path around more massive ones – a path called an orbit. All stable orbits take the form of an ellipse – a circle stretched along one axis with two points called ‘foci’ to either side of its centre. In a ‘two-body’ system where one object

is much more massive than the other (for example the Sun and

its planets, or planets and their orbiting satellites or ‘moons’), the more massive object sits at one focus and the less massive one orbits around it (in more evenly balanced systems, both objects orbit around a common ‘centre of mass’). The closest approach between the two objects is known as periapsis (perihelion in the case of orbits around the Sun) and the widest separation as apoapsis (aphelion). Orbiting bodies move faster near periapsis and more slowly at apoapsis, and, as a general rule, the further out an object orbits, the more slowly it moves.
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Sun at one focus Planets move faster closer to the Sun.

Planets ‘sweep out’ equal areas of their orbit in equal times.

Centre

Second focus

More distant planets orbit more slowly.

Elliptical shape stretched along one axis
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Our place in the Milky Way

Our Sun is just one of about 200 billion stars in an enormous spiral galaxy called the Milky Way. This disc-shaped system is about 100,000 light years across and a few hundred light years thick. It has a pronounced 10,000-light-year bulge at its centre, where stars are closely packed together, ultimately in orbit around a monster black hole with the mass of 2.6 million Suns. Although stars are more or less evenly distributed across the disc, the bright regions where new stars are born form spiral arms that wind their way out across the disc.

The solar system is located about halfway across the galactic disc, on the outer edge of a minor spiral arm called the Orion Spur. At 26,000 light years from the core, the Sun orbits the galaxy every 240 million years. From our location inside the disc, we can see a marked difference in the concentration of stars

in different directions. Where we look across the galactic disc, stars line up behind each other in huge clouds. They are sparsely scattered, however, where we look ‘up’ or ‘down’ out of the disc.
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Location of solar system
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Defining planets

The word ‘planet’ comes from the Greek for ‘wanderer’, an indication of the way that certain bright objects in the night sky – our neighbouring worlds Mercury, Venus, Mars, Jupiter and Saturn – first stood out through their movements against the more distant ‘fixed’ stars. When Uranus, Neptune and Pluto were discovered following the invention of the telescope, they were all classed as planets. By the late 20th century, however, astronomers realized that Pluto was just one of many icy objects orbiting beyond Neptune. The discovery of a large object now called Eris (see page 362) raised the dilemma of either adding dozens of new planets in the coming decades of discovery, or agreeing to a more formal, scientific definition. Hence today, according to a ruling agreed in 2006, a planet

is officially defined as a body in an independent orbit around the Sun, with sufficient mass to be spherical and enough gravitational influence to ‘clear its orbit’ of large interlopers. Worlds such as Pluto, Eris and the large asteroid Ceres, which meet only the first two criteria, are termed ‘dwarf planets’.
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‘Retrograde’ loop of planet in sky.

Planets stand out from the more distant stars because of their complex motion in Earth’s skies.

Slower orbit of more distant planet

Orbit of Earth
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Rocky planets

The planets of the solar system are broadly divided into rocky inner worlds and giant outer ones (see page 20). The rocky planets Mercury, Venus, Earth and Mars (as well as Earth’s large natural satellite, the Moon) are all composed principally of materials with high melting points (atmospheric gases, surface water and ice on Earth and Mars are minor when compared to the bulk of the planets).

The collisions that formed these worlds heated most of their rocks to melting point, allowing them to separate into layers with the heaviest elements (predominantly iron and nickel) sinking to the centre and the lightest rising upwards to form a crust. In between lies an intermediate mantle region that transfers heat from the core towards the surface (either through simple conduction or through a slow process of convection in which hot rocks actively rise through their surroundings). Broadly speaking, the smaller worlds have cooled more rapidly while the larger ones retain more heat and, therefore, show more geological activity on their surfaces.
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Giant planets

he planets of the outer solar system are much larger and much more widely separated than their inner neighbours.

Dominated by materials with relatively low melting points (which were unable to persist closer to the heat of the Sun), they have relatively small solid cores surrounded by huge envelopes of gas, liquid or slushy materials.

The giants are divided into two pairs – closer to the Sun lie enormous Jupiter and Saturn, true ‘gas giants’ composed mostly of the lightweight gas hydrogen, which transforms into vast liquid seas a few thousand kilometres beneath their visible cloudtops. Further out lie Uranus and Neptune, considerably smaller (though still much larger than Earth) and rich in relatively complex chemical ‘ices’ – not only water (H2O) but also ammonia (NH3), methane (CH4) and others. Although the term ‘gas giants’ is still casually used to encompass all four planets, scientists increasingly make the distinction of calling Uranus and Neptune ‘ice giants’.
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Moons and rings

Not every object in the solar system directly orbits the Sun – many instead orbit the major planets or smaller worlds. These range from substantial moons in their own individual orbits to ring systems – swarms of smaller particles that follow concentric circular orbits in a single narrow plane. Moons that follow close-to-circular orbits, near the plane of a planet’s equator and in the same direction as the planet’s own rotation, are known as ‘regular’ satellites – with a few exceptions, such as Earth’s own Moon, they are thought to have condensed from material left behind as their parent planet formed. Moons in more elliptical or highly tilted orbits, or those which orbit the ‘wrong way’ around a planet, are called irregular satellites – they mostly started out as comets or asteroids in independent orbits around the Sun, before being captured by their planet’s gravity. The particles that form ring systems, meanwhile, are generally thought to be the shattered remnants of earlier moons that fragmented due to interplanetary collision or gravitational stress.

Large Blackboard
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Saturn’s large satellites Dione and Titan, with the smaller moon Prometheus (centre, on the edge of Saturn’s rings).
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Asteroids and comets

In addition to planets and the moons and rings in orbit around them, the solar system is filled with countless other objects, most of which are classed as asteroids and comets. Asteroids are small, mostly rocky bodies made from debris left over after the formation of the inner solar system. They originated in the region between the orbits of Mars and Jupiter (where Jupiter’s gravity disrupted the formation of larger bodies) and this is where the main asteroid belt is still found today (see page 161). However, interactions between asteroids have since scattered many into orbits that bring them into the inner solar system or send them out among the giant planets. The largest asteroid, Ceres, is also defined as a dwarf planet.

Comets, meanwhile, are small icy bodies, formed in the region where the giant planets orbit today but subsequently exiled to the distant edges of the solar system. From here, they occasionally fall back towards the Sun, where they can heat up and release gas that forms spectacular tails.

Large Blackboard
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Asteroid 21 Lutetia
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Centaurs and ice dwarfs

Orbiting between and beyond the outer planets, centaurs and ice dwarfs are ice-rich bodies that are related to comets.

Ice dwarfs are found in a region called the Kuiper Belt, stretching from the orbit of Neptune to perhaps 100 AU from the Sun. They vary in size from fairly substantial worlds like Pluto and Eris to smaller comet-like bodies, but are thought to have stayed in roughly this region of the solar system for most of their history. The doughnut-shaped ‘classical’ Kuiper Belt is surrounded by a more diffuse ‘Scattered Disc’ whose members have more elongated and wildly tilted orbits. As the name suggests, these objects are thought to have been ejected or scattered into their present orbits by close encounters with Neptune or other giant planets. Centaurs, meanwhile, orbit between the giant planets. They probably originate in the Kuiper Belt, and spend only a relatively short time in this region of the solar system before the gravity of the planets disrupts their orbits further, perhaps kicking them out to the scattered disc, or sending them into more elliptical orbits where they become fully fledged comets.
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The ice dwarf Chariklo is the first Kuiper Belt Object known to have its own ring system.
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The birth of solar systems

Much of what we know about the origin of our solar system is based on observations of others that are still in the process of formation. Solar systems begin life in collapsing clouds of star-forming gas and dust called ‘nebulae’. The process of collapse may be triggered by tides from passing stars, by

the shockwave of a nearby supernova (exploding star), or by

the stellar winds blown out by other newborn stars. Eventually, random knots within the nebula become dense enough to exert their own gravitational pull, drawing in more and more gas and dust and separating into dark clouds called ‘Bok globules’.

As matter falls towards the centre of a globule, it starts to spin faster (thanks to conservation of angular momentum – the same principle that causes a pirouetting skater to spin faster when they pull their arms in) and flatten out in a broad disc. The centre of the disc becomes a dense and hot protostar, while the surrounding disc contains material that will go on to form its planetary system.

Large Blackboard

28 WHAT IS THE SOLAR SYSTEM?





[image: image]


The Eagle Nebula (Messier 16) is a site of present-day star formation.





[image: image]


Origins of our solar system

stronomers base their ideas about our own solar system’s

origins on studies of the present-day Sun, models of stellar evolution and analysis of material found in meteorites that have changed little since their formation. Hence, we

can be reasonably certain that the Sun itself became a

fully fledged star about 4.6 billion years ago. Analysis of the elements found within meteorites even suggests that the nebula out of which the Sun formed was enriched with material from recent supernovae – our solar system may owe its existence to the shockwave from the death of another star.

The oldest meteorites found so far, dating to 4.57 billion years ago, show that solid material was condensing around the Sun at this time. Competing theories differ over just how long the planets took to come together, with estimates ranging from just a few million to around 100 million years. However, studies of rocks from the Moon and Mars suggest these worlds had formed by 4.50 billion years ago at the latest.
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The expanding gas clouds of supernova remnants scatter heavy elements that enrich later generations of stars and planets.
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Rocky planet formation

Modern ideas about planet formation are broadly based on a ‘solar nebula disc model’ proposed by Soviet astronomer Viktor Safronov in the 1960s. According to this model, the original ‘protoplanetary’ disc was a mix of gas, ice (chemicals with low melting points), and heat-resistant dust. Heat from the young Sun caused ice to evaporate, while fierce solar winds drove both gas and vapour out of the inner solar system, leaving only dust behind.

Over the next few million years, dust particles collided at random and stuck together in a process called collisional accretion. The traditional view is that some dust clumps eventually grew large enough to exert their own gravity, pulling in material from their surroundings and snowballing in size to become Moon-scale bodies called planetesimals. These eventually collided, melting and coalescing to become the planets we know today. A recent theory known as ‘pebble accretion’, however, argues that the planets did not grow in this piecemeal way – instead, they formed abruptly as huge drifts of orbiting dust became gravitationally unstable and underwent sudden collapse.
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1 Gas and dust orbits Sun in protoplanetary disc.

2 Solid bodies grow by random collisions.

3 Gravity becomes strong enough to pull in more material.

4 Larger planetesimals collide to form planets.

5 Planetary surfaces are bombarded by asteroids and comets.
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Formation of giant planets

Beyond the region of the present-day asteroid belt, the heat

of the newborn Sun and the pressure of its solar wind were weaker. This allowed large amounts of ice to survive without melting, and for lightweight gases to linger in a vast, doughnut-shaped ring around the Sun. These materials vastly outweighed the relatively small amounts of dust in the outer solar system and, as a result, gas and ice became the raw materials of the outer planets and their moons.

One possible model for their formation mirrors that suggested for their inner neighbours. Dust and ice clumped together by chance collision, eventually forming cores with sufficient gravity to pull in a huge envelope of ice and gas. A problem with this theory lies in growing the cores quickly enough to pull gas from their surroundings before it dissipates into interstellar space. An alternative theory requires the planets to be created much more rapidly, perhaps as a result of collapsing eddies in a mostly uniform protoplanetary nebula, and to develop their structure later.
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Two models of giant planet formation

Gas dominates outer part of protoplanetary nebula.

Solid cores form in the same way as rocky planets, then pull in gas from surroundings.

Large clumps of gas separate out into protoplanets which then collapse under their own gravity.
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The Late Heavy Bombardment

Some time after the main era of planet formation had come to an end, worlds across the inner solar system seem to

have undergone a violent bombardment from space. The oldest surfaces on planets and moons are saturated with impact craters of all sizes, caused by asteroids and comets that rained down at a rate seen neither before nor since. Younger landscapes, wiped clean by geological activity such as volcanoes, have since endured crater formation at a greatly reduced rate.

Geological dating evidence from Moon rocks suggests the socalled ‘Late Heavy Bombardment’ occurred between about 4.0 and

3.8 billion years ago, since this is when the vast majority of ‘impact melt’ rocks seem to have formed. Popular models of solar system evolution suggest that the bombardment happened as a result of disturbances among the giant planets of the outer solar system. Some scientists are sceptical about whether the bombardment ‘peaked’ in the way most believe, however, or whether impact rates simply tailed off steadily from the birth of the solar system.
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Solar system evolution

Until recently, astronomers believed that our solar system had changed little since the end of the Late Heavy Bombardment 3.9 billion years ago. The orderly, near-circular orbits of the major planets suggested they had followed these tracks without alteration for most of their history. Since the mid-1990s, however, the discovery of solar systems around other stars and huge advances in computer modelling have painted a different picture of our system’s surprisingly dynamic history. Many of these alien solar systems show very different arrangements of planets and wildly elliptical orbits, and while they are inevitably ‘snapshots’ of a single moment in their development, together they undermine the belief that orderly orbits are the only way for a solar system to survive in the long term. The idea that our own system has gone through traumatic changes in its past also helps to answer some otherwise puzzling features of individual planets, such as the arrangement of the gas giants, the location of the Oort Cloud and the tilted axis of Uranus.
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Exchanges of orbital energy with swarms of comets may have caused the planets to shift their locations in the early solar system.
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Evolving orbits

Traditional models of orbits (see page 12) treat them as an interaction between just two bodies, but the reality is far more complex – every massive body has its own gravity that effects everything else. So while a two-body model may describe an orbit at one instant, this doesn’t mean the orbit will remain the same when extrapolated forwards or backwards in time.

One example of such complexities, seen across the solar system on many different scales, is ‘orbital resonance’. Objects in different orbits travel at different speeds, so the distance between them (and their gravitational pull on each other) can vary hugely. Usually, this means that their influence on each other can be ignored. However, if objects happen to have ‘resonant’ orbits (with periods that are simple fractions or multiples of each other), they will return to the same alignments quite frequently. In this situation, the effects of even tiny gravitational tugs is magnified – over time a resonant object can pull another’s orbit out of shape, or even disrupt it completely.
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Viktor Safronov in the 1960s. According to this model, the original
‘protoplanetary’ disc was a mix of gas, ice (chemicals with low melting
points), and heat-resistant dust. Heat from the young Sun caused ice
to evaporate, while fierce solar winds drove both gas and vapour out
of the inner solar system, leaving only dust behind.

Over the next few million years, dust particles collided at random and
stuck together in a process called collisional accretion. The traditional
view is that some dust clumps eventually grew large enough to exert
their own gravity, pulling in material from their surroundings and
snowballing in size to become Moon-scale bodies called planetesimals.
These eventually collided, melting and coalescing to become the
planets we know today. A recent theory known as ‘pebble accretion),
however, argues that the planets did not grow in this piecemeal way —
instead, they formed abruptly as huge drifts of orbiting dust became
gravitationally unstable and underwent sudden collapse.
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surfaces on planets and moons are saturated with impact craters
of all sizes, caused by asteroids and comets that rained down at
a rate seen neither before nor since. Younger landscapes, wiped
clean by geological activity such as volcanoes, have since endured
crater formation at a greatly reduced rate.

Geological dating evidence from Moon rocks suggests the so-
called ‘Late Heavy Bombardment’ occurred between about 4.0 and
3.8 billion years ago, since this is when the vast majority of ‘impact
melt’ rocks seem to have formed. Popular models of solar system
evolution suggest that the bombardment happened as a result of
disturbances among the giant planets of the outer solar system.
Some scientists are sceptical about whether the bombardment
‘peaked’ in the way most believe, however, or whether impact rates
simply tailed off steadily from the birth of the solar system.
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Evolving orbits

Traditional models of orbits (see page 12) treat them as an
interaction between just two bodies, but the reality is far
more complex — every massive body has its own gravity that
effects everything else. So while a two-body model may describe
an orbit at one instant, this doesn’t mean the orbit will remain
the same when extrapolated forwards or backwards in time.

One example of such complexities, seen across the solar
system on many different scales, is ‘orbital resonance’. Objects
in different orbits travel at different speeds, so the distance
between them (and their gravitational pull on each other) can
vary hugely. Usually, this means that their influence on each
other can be ignored. However, if ohjects happen to have
‘resonant’ orbits (with periods that are simple fractions or
multiples of each other), they will return to the same alignments
quite frequently. In this situation, the effects of even tiny
gravitational tugs is magnified — over time a resonant ohject can
pull another’s orbit out of shape, or even disrupt it completely.

40 WHAT IS THE SOLAR SYSTEM?





OPS/images/page001.jpg
THE SOLAR
SYSTEM
IN MINUTES

GILES SPARROW

Quercus





OPS/images/page002.jpg
The solar system

1sun

Rotation period: 25-35 days
Diameter: 1,391,700 km
(864,400 miles)

2 Mercury

Orbital period: 88 days

Rotation period: 58.6 days
Diameter: 4,878 km (3,030 miles)

3 Venus

Orbital period: 224 days
Rotation period: 243 days
Diameter: 12,104 km (7,518 miles)

4 Earth

Orbital period: 365.25 days
Rotation period: 24 hours
Diameter: 12,756 km (7,923 miles)

5 Mars 6 Ceres (dwarf planet within
Orbital period: 687 days the main asteroid belt)
Rotation period: 24.6 hours Orbital period: 4.6 Earth years
Diameter: 6,787 km (4,216 miles) Rotation period: 9.1 hours

Diameter: 975 km (606 miles)





OPS/images/page005.jpg
Jupiter and its moons
Saturn and its moons
Uranus and its moons
Neptune and its moons
Comets and centaurs

The Kuiper Belt and beyond
Exploring the Solar System
Glossary

Index

Acknowledgements

198
234
286
306
320
346
374
408
412
416





OPS/images/page006.jpg
Introduction

ur solar system is the region of the Universe about which

we know the most —an array of planets, moons and smaller
bodies held in orbit around a huge ball of exploding gas that
provides them with heat and light. It's the one region of the
cosmos that we can visit directly — currently using robotic
probes, but in the future through human exploration as well.

The more we learn, the more complex the solar system becomes
—each of its planets and major moons has a unique evolutionary
history, preserved in geological scars or internal chemistry. Even
smaller ohjects such as asteroids and comets show surprising
variety as we learn more about them. It is also now clear that the
solar system is a dynamic place —its objects might be separated
by vast gulfs of empty space, but over timescales of millions of
years or more, close encounters and even collisions are fairly
common. Computer simulations are now revealing how the orbits
of the planets and their moons have evolved over time, and how
similar processes continue to influence asteroids and comets.

6 INTRODUCTION





OPS/images/page003.jpg
7 Jupiter 8 saturn

Orbital period: 11.86 Earth years Orbital period: 29.5 Earth years
i eriod: 9.9 hours Rotation period: 10.6 hours
Diameter: 1 km (88,700 miles) Diameter: 120,500 km (74,800 miles)
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11 Pluto (dwarf planet)
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on the solar wind comes to a halt in the face of pressure
from an ‘interstellar medium’ made of stellar winds from
countless other stars. By this definition, solar influence only
reaches about 123 times further than Earth’s orbit around
the Sun, and NASA’s Voyager spaceprobes have therefore
already left the solar system.

A more inclusive definition, however, is based on the dominance
of the Sun’s gravity. This extends the solar system almost a
thousand times further, out to the most remote comets that
orbit the Sun at distances of about one light year. This is the
definition used for ohjects that merit inclusion in this book.
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The Solar System in Minutes is a concise yet comprehensive
guide to the wonders of our cosmic back yard, from bloated
giant planets that swallow comets whole, to volcano-tortured
moons and deep-frozen outcasts in 10,000-year orbits. Every
major object (and a significant number of minor ones of special
interest) has an entry —if not a chapter — to itself, broadly in
order from the Sun outwards. Planet Earth, famously described
as the 'third rock from the Sun’, of course has its own chapter,
but many other worlds we shall visit also have much to tell us
about our hame. Some preserve episodes in the solar system’s
shared history; some reveal secret mechanisms that are
obscured on Earth’s ever-changing surface; and others serve
as ‘what ifs? —cautionary tales of how our planet might have
turned out if things had been just slightly different.

A final chapter offers a brief review of our explorations in the
solar system so far, and prospects for the future. Crewed
missions to other worlds will be expensive and dangerous,

but are surely inevitable. They will certainly make scientific
discoveries we cannot yet imagine, and by stretching the limits
of our technological capability may prove our species worthy of
long-term survival — not as residents of one small, vulnerable ball
of rock, but as citizens of the wider Milky Way galaxy.
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ost astronomers would agree with a broad definition

of the solar system as the region of space dominated
by the influence of the Sun. Beyond that, however,
differences soon emerge over exactly how to define the
Sun’s ‘dominance’. Some take a more limited view that the
solar system extends as far as the heliopause, a region
where the stream of particles driven out from the Sun
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Orbits and gravity

he Sun’s gravity is the dominant force in the solar system.

Physically, gravity is a force exerted by objects with mass that
draws other objects towards them. However, in practical terms,
the effect of this attraction is often to maintain less massive
ohjects on a more or less stable path around more massive ones
—a path called an orbit. All stable orbits take the form of an ellipse
—a circle stretched along one axis with two points called ‘foci’ to
either side of its centre. In a ‘two-body’ system where one ohject
is much more massive than the other (for example the Sun and
its planets, or planets and their orbiting satellites or ‘moons’), the
more massive ohject sits at one focus and the less massive one
orbits around it (in more evenly balanced systems, both ohjects
orbit around a common ‘centre of mass’). The closest approach
between the two objects is known as periapsis (perihelion in the
case of orbits around the Sun) and the widest separation as
apoapsis (aphelion). Orbiting bodies move faster near periapsis and
more slowly at apoapsis, and, as a general rule, the further out an
object orbits, the more slowly it moves.
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Scale of the solar system

he distances between planets are huge when considered

in everyday terms —if you could get into a car and simply
drive to the Sun at an average speed of 100 km/h (60 mph), the
Journey would take 170 years. For this reason, astronomers use
much larger units of measurement when considering distance
in the solar system. The astronomical unit (AU) is defined as
the average distance between the Earth and the Sun, 149.6
million km (93 million miles). In terms of AU, the orbits of the
planets range from innermost Mercury (an average of 0.39
AU from the Sun, though this varies considerably — see page
70), out to Neptune (an average of 30.11 AU from the Sun). The
asteroid belt (which divides the solar system into rocky inner
planets and giant outer planets) encircles the Sun between 2
and 3.3 AU, while the Kuiper Belt of icy dwarf planets is thought
to extend to about 100 AU. The distant Oort Cloud forms
a shell around the solar system out to a distance of about
63,000 AU, or 1 ‘light year’ —its outer edges are so far away
that light from the Sun takes a year to reach them.

10 WHAT IS THE SOLAR SYSTEM?





OPS/images/page011.jpg
3.3AU

60 AU

Oort Cloud

200 AU

126,000 AU
(2 light years)






OPS/images/page016.jpg
Defining planets

he word ‘planet’ comes from the Greek for ‘wanderer’, an

indication of the way that certain bright objects in the
night sky — our neighbouring worlds Mercury, Venus, Mars,
Jupiter and Saturn — first stood out through their movements
against the more distant ‘fixed’ stars. When Uranus, Neptune
and Pluto were discovered following the invention of the
telescope, they were all classed as planets. By the late 20th
century, however, astronomers realized that Pluto was just one
of many icy objects orbiting beyond Neptune. The discovery of a
large object now called Eris (see page 362) raised the dilemma
of either adding dozens of new planets in the coming decades
of discovery, or agreeing to a more formal, scientific definition.
Hence today, according to a ruling agreed in 2006, a planet
is officially defined as a body in an independent orbit around
the Sun, with sufficient mass to be spherical and enough
gravitational influence to ‘clear its orbit’ of large interlopers.
Worlds such as Pluto, Eris and the large asteroid Ceres, which
meet only the first two criteria, are termed ‘dwarf planets’.
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Our place in the
Milky Way

Our Sun is just one of about 200 billion stars in an enormous
spiral galaxy called the Milky Way. This disc-shaped system is
about 100,000 light years across and a few hundred light years
thick. It has a pronounced 10,000-light-year bulge at its centre,
where stars are closely packed together, ultimately in orbit
around a monster black hole with the mass of 2.6 million Suns.
Although stars are more or less evenly distributed across the
disc, the bright regions where new stars are born form spiral
arms that wind their way out across the disc.

The solar system is located about halfway across the galactic
disc, on the outer edge of a minor spiral arm called the Orion
Spur. At 26,000 light years from the core, the Sun orbits the
galaxy every 240 million years. From our location inside the disc,
we can see a marked difference in the concentration of stars

in different directions. Where we look across the galactic disc,
stars line up behind each other in huge clouds. They are sparsely
scattered, however, where we look ‘up’ or ‘down’ out of the disc.

14 WHAT IS THE SOLAR SYSTEM?
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Rocky planets

he planets of the solar system are broadly divided into rocky inner

worlds and giant outer ones (see page 20). The rocky planets
Mercury, Venus, Earth and Mars (as well as Earth’s large natural
satellite, the Moon) are all composed principally of materials with high
melting points (atmospheric gases, surface water and ice on Earth
and Mars are minor when compared to the bulk of the planets).

The collisions that formed these worlds heated most of their
rocks to melting point, allowing them to separate into layers
with the heaviest elements (predominantly iron and nickel)
sinking to the centre and the lightest rising upwards to form
a crust. In between lies an intermediate mantle region that
transfers heat from the core towards the surface (either
through simple conduction or through a slow process of
convection in which hot rocks actively rise through their
surroundings). Broadly speaking, the smaller worlds have
cooled more rapidly while the larger ones retain more heat and,
therefore, show more geological activity on their surfaces.
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Giant planets

he planets of the outer solar system are much larger and

much more widely separated than their inner neighbours.
Dominated by materials with relatively low melting points
(which were unable to persist closer to the heat of the Sun),
they have relatively small solid cores surrounded by huge
envelopes of gas, liquid or slushy materials.

The giants are divided into two pairs — closer to the Sun lie
enormous Jupiter and Saturn, true ‘gas giants’ composed
mostly of the lightweight gas hydrogen, which transforms into
vast liquid seas a few thousand kilometres beneath their visible
cloudtops. Further out lie Uranus and Neptune, considerably
smaller (though still much larger than Earth) and rich in
relatively complex chemical ‘ices’ — not only water (HEO] but also
ammonia (NH_), methane (CH,) and others. Although the term
‘gas giants’ is still casually used to encompass all four planets,
scientists increasingly make the distinction of calling Uranus
and Neptune ‘ice giants’.
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Asteroids and comets

n addition to planets and the moons and rings in orbit around

them, the solar system is filled with countless other objects,
most of which are classed as asteroids and comets. Asteroids
are small, mostly rocky bodies made from debris left over
after the formation of the inner solar system. They originated
in the region between the orbits of Mars and Jupiter (where
Jupiter’s gravity disrupted the formation of larger bodies) and
this is where the main asteroid belt is still found today (see
page 161). However, interactions between asteroids have since
scattered many into orbits that bring them into the inner solar
system or send them out among the giant planets. The largest
asteroid, Ceres, is also defined as a dwarf planet.

Comets, meanwhile, are small icy bodies, formed in the region
where the giant planets orbit today but subsequently exiled
to the distant edges of the solar system. From here, they
occasionally fall back towards the Sun, where they can heat up
and release gas that forms spectacular tails.
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Moons and rings

ot every object in the solar system directly orbits the

Sun —many instead orbit the major planets or smaller
worlds. These range from substantial moons in their own
individual orbits to ring systems — swarms of smaller particles
that follow concentric circular orbits in a single narrow plane.
Moons that follow close-to-circular orbits, near the plane of
a planet’s equator and in the same direction as the planet’s
own rotation, are known as ‘regular’ satellites — with a few
exceptions, such as Earth’s own Moon, they are thought to
have condensed from material left behind as their parent
planet formed. Moons in more elliptical or highly tilted orbits,
or those which orbit the ‘wrong way’ around a planet, are
called irregular satellites — they mostly started out as comets
or asteroids in independent orbits around the Sun, before
being captured by their planet’s gravity. The particles that
form ring systems, meanwhile, are generally thought to be the
shattered remnants of earlier moons that fragmented due to
interplanetary collision or gravitational stress.
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The birth of
solar systems

M uch of what we know about the origin of our solar system
is based on observations of others that are still in the
process of formation. Solar systems begin life in collapsing
clouds of star-forming gas and dust called ‘'nebulae’. The process
of collapse may be triggered by tides from passing stars, by

the shockwave of a nearby supernova (exploding star), or by

the stellar winds blown out by other newborn stars. Eventually,
random knots within the nebula become dense enough to exert
their own gravitational pull, drawing in more and more gas and
dust and separating into dark clouds called ‘Bok globules’.

As matter falls towards the centre of a globule, it starts to
spin faster (thanks to conservation of angular momentum
—the same principle that causes a pirouetting skater to
spin faster when they pull their arms in) and flatten out in a
broad disc. The centre of the disc becomes a dense and hot
protostar, while the surrounding disc contains material that
will go on to form its planetary system.
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Centaurs and ice dwarfs

O rbiting between and beyond the outer planets, centaurs and
ice dwarfs are ice-rich bodies that are related to comets.
Ice dwarfs are found in a region called the Kuiper Belt, stretching
from the orbit of Neptune to perhaps 100 AU from the Sun. They
vary in size from fairly substantial worlds like Pluto and Eris to
smaller comet-like bodies, but are thought to have stayed in
roughly this region of the solar system for most of their history.
The doughnut-shaped ‘classical’ Kuiper Belt is surrounded by

a more diffuse ‘Scattered Disc’ whose members have more
elongated and wildly tilted orbits. As the name suggests, these
ohjects are thought to have been gjected or scattered into their
present orbits by close encounters with Neptune or other giant
planets. Centaurs, meanwhile, orbit between the giant planets.
They probably originate in the Kuiper Belt, and spend only a
relatively short time in this region of the solar system before
the gravity of the planets disrupts their orbits further, perhaps
kicking them out to the scattered disc, or sending them into
more elliptical orbits where they become fully fledged comets.
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