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Chapter 0 BEGINNINGS


firm physical laws
sculpt our changing universe
cosmic creation

4,500,000,000 B.C., EARTH:

A long time ago, when Earth was quite young, the night skies were much busier than the seemingly quiescent heavens of today. The solar system was brimming with large asteroids and comets, which provided an unrelenting supply of ammunition for planetary bombardment. Nightly meteor showers were spectacular. Rocky intruders more than ten kilometers across—like the one that would much later enforce the untimely demise of the dinosaurs—were commonplace. The planet’s fragile surface experienced catastrophic change on a regular basis.

Against this violent and destructive backdrop, warm pools of water on the surface teemed with organic chemicals, which continually tried to organize themselves into larger structures. But the task proved to be a Sisyphean nightmare. Every time a milestone of molecular complexity was attained, abrupt changes in the background environment undermined the achievement. Hard-won complexity was immediately compromised, and the tortuously slow chemical processes were forced to start over from their simple beginnings.

Meanwhile, deep beneath the planetary surface, chemical processes of greater import were quietly taking place. Far removed from the ever-changing surface of the planet, the hot and hellish regions of the deep interior proved to be remarkably stable. With fiery heat, molten rock, and toxic sulfurous gases in great abundance, this subterranean setting more closely resembled a mythical inferno than a garden of Eden. Yet it was this extreme environment that supported the slow and steady progression of chemical processes of ever greater complexity. The evolution of simple physical systems into more complex ones continued unabated. In a relatively short time, from a geological perspective, these molecular systems increased their complexity to the point of self-replication and became biological systems. For the first time on Earth, life emerged.

As the twentieth century fades into history, we understand our physical universe with unprecedented clarity. Astronomers have developed viable creation paradigms for the formation of virtually everything in the universe, from moons and planets within our solar system to the birth of the entire cosmos. In a beautiful display of consilience, these diverse instances of cosmic genesis are all driven by the same underlying laws of physics. Such theories are continually tested against new observations and experimental data, which verify and modify our working understanding of these creation phenomena. A remarkable quality of our universe emerges from this study: These physical laws, and the astronomical structures they create, are apparently not only necessary but are also sufficient for the genesis of life itself.

Our description of the cosmos can be organized into four scales of astronomical inquiry—the whole universe, galaxies, stars, and planets. Each of these scales provides a window through which we may view the operations of nature. And each of these astronomical entities experiences a life cycle, beginning with a birth event and ultimately ending with a deathlike closure. Birth sometimes comes rapidly and violently, as when our universe first burst into existence at the big bang, or when the Moon was forged from the rocky shrapnel of a cosmic collision. But in other instances astronomical birth comes tortuously slowly, as when stars condense from their parental molecular clouds, or when microscopic dust grains accumulate into moons and planets.

This book is a quest to understand how our universe and its astronomical structures provide the basic ingredients for biological genesis. To see how life fits into the greater context of the cosmos, we must understand the relationships among the windows of astronomy—especially how the same underlying laws of physics produce such diverse astronomical entities. These physical laws, in turn, determine which environments have the potential for biological creation and its subsequent development. Given the recent advances in our understanding of planet formation, star formation, galaxy formation, and even the creation of the universe, these connections can be made at a higher level of clarity and confidence then ever before.

In the beginning the universe had no planets, no stars, and no galaxies. No life of any kind could possibly have gained a foothold in its tumultuous environment. In the earliest epochs even the universe itself did not exist, at least not as a distinct identifiable entity. In this primordial chaotic void, the underlying laws of physics were of fundamental importance—they held the power to enforce all of creation. Later these same physical laws drove the formation and evolution of all the astronomical bodies and biological organisms in the cosmos. But before the universe was graced with galaxies, stars, planets, and atoms, it simply could not carry out the operations of chemistry, biology, geology, or astronomy. In the stark simplicity of the beginning, there was only physics.

Some 12 billion years ago these laws of physics compelled our universe to spring into existence as a distinct region of the space-time continuum. Understanding this moment of creation is blurred by both the quantum mechanical nature of space and time at this distant beginning, and by our current inability to apply physical laws to the extreme conditions of cosmic birth. In spite of this murkiness, however, astrophysicists can describe the evolution of the universe from an early age of 10-43 seconds onward, albeit with some uncertainty, but with ever-increasing confidence as we vicariously travel toward the present epoch. This detailed description of the physical universe is the providence of big bang theory, which has been bolstered by a wealth of observational data. Astronomers have precisely measured the abundance of the lightest elements, the existence and properties of a cosmic background radiation field, and the expansion of the universe itself. Standing firmly on these three pillars of experimental confirmation, the big bang theory provides a solid framework to explore the evolution of our universe and the production of the galaxies, stars, and planets living within it.

As the universe expands, the force of gravity acts in relentless opposition and endeavors to pull it back together. But current observational data strongly indicate that gravity has already lost this war—our universe seems destined to expand forever. Although its current 12-billion-year age is utterly insignificant compared with the upcoming future vistas of time, the cosmos has lived long enough to forge some remarkable structures.

Within the universe, to be sure, the force of gravity has won significant battles on small scales. As a direct result of gravity’s influence, galaxies and clusters have coalesced. When a local region of intergalactic space succumbs to the organizational efforts of gravity, the matter condenses, in about one billion years, into a whirlpool galactic structure. After separating from the intergalactic background, galaxies organize themselves into central bulges, massive dark halos, and spinning disks sporting beautiful spiral patterns. Young galaxies are powered by enormous central engines—supermassive black holes swallowing nearby matter—driven by the gravitational force. These active galactic nuclei grow less dominant with time and leave more quiescent black holes in their wake. After their formation galaxies endure for vast expanses of time and are expected to last perhaps ten billion times longer than the current age of the universe. These stable structures provide ideal environments for the genesis of smaller entities such as stars, planets, and, within our galaxy, people.

The lifeblood of galaxies, and indeed the present-day universe, is the energy provided by stars. These stellar power plants are wrung from interstellar molecular clouds, where they spend their first few million years of life. Most stars live far longer—some much longer than the current age of the universe—and spend their lives wandering through the disk of their galaxy. In addition to supplying most of the cosmic energy budget, the stellar population plays a vital role in biological development: The short-lived massive stars explode as they die and enrich the galaxy with life-giving heavy elements, including carbon, oxygen, nitrogen, and calcium; the longer-lived smaller stars provide stable energy sources for potential biospheres.

Along with the stars, smaller planetary bodies are forged in great abundance. Out of the swirling nebulae that accompany forming stars, massive gaseous giants and smaller rocky orbs condense. Many planets are graced with an orbiting entourage of rocky moons—their own miniature solar systems. Under favorable conditions, both planets and moons can harbor ample supplies of water. Our own Moon has traces of water. Europa, a moon of Jupiter, is covered with frozen oceans and is likely to maintain liquid water below. Solar systems are crowded with astronomical petri dishes, ripe with possibility for life to gain a foothold.

In the next act of this unfolding drama, biology takes center stage. The stars, in collaboration with the early universe, produce the basic raw material in the form of heavy elements. The cosmos forms galaxies to organize this raw material, massive stars to synthesize further element production, smaller stars to supply power, and planets to provide shelter. The laws of physics are graced with the proper form to allow intricate chemical reactions to occur. Although the next developmental step is more uncertain, chemical reactions of increasing complexity take place and build molecules of ever greater size. These physical systems eventually pass through a threshold of sufficient complexity and become self-replicating biological systems. Life begins.

The cosmos must grind through a long sequence of specific constructions to produce living planets like our Earth. This miraculous chain of events is sometimes described as a grand design, which implies an active designer. One opposing view describes the ascent of life as a series of purely random events, as if biological emergence is akin to winning a lottery. From an astronomical perspective, however, the formation of galaxies, stars, and planets is neither random nor designed. Instead, these events of cosmic genesis result directly from the action of physics, whose laws naturally foster the development of such complex structures against the cold background of deep space.

This book tells the story of global cosmic ecology, from the smallest asteroids to the almost unfathomable scale of the whole universe, and even beyond. It is a history of the cosmos, from before the big bang to the formation of galaxies, stars, planets, and moons. It is the story of microscopic particles organizing themselves into ever-larger molecular structures, with ever-increasing levels of complexity, and culminating in the everyday miracle that we call life. It is a scientific glimpse at the face of creation.



Chapter 1 PHYSICS


ere the universe
space and time had not begun
yet there was physics

BEFORE THE BEGINNING:

Long before Earth drifted lazily through its solar orbit, long before the galaxy slowly condensed out of the cosmic background, long before elements of the periodic table were forged in a nuclear frenzy, things were different. Time was an imaginary concept. Space was not so well defined either. Even the universe itself did not really exist. Not yet.

In the dim ages of this forgotten past, space had more dimensions than the three we have today. In stark contrast to our present-day poverty, the spatial dimensions numbered nine or ten or eleven, depending on the moment and on the view. These extra dimensions were complicated, all tied up in intricate knots. Quantum mechanics ruled this high-energy domain along with gravity, and so the knots fluctuated. The knots collapsed. The knots untied. And then they tied themselves up again in myriad different configurations. In what would have surely been Euclid’s worst nightmare, the geometry of space and time varied from moment to moment.

Beneath the fluctuations of this probabilistic foam, hidden order and elegant symmetry were subtly running the show. Although chaotic and complicated, space and time obeyed a well-defined set of physical laws. These very same laws would later rule the universe, albeit in a vastly different regime and only after it was created. These laws—ultimately responsible for making and governing the universe—also transcend the universe.

Our universe is about 12 billion years old. Although this age is old compared to our natural biological time frames, the universe has not been here forever. Before the universe existed, there must have been something—and that something is the laws of physics. Physics is, by definition, that which exists in a more permanent way than the universe. It is the set of rules that governs not only the workings of the physical universe but also the actual genesis of our universe and perhaps many others. But before we see how these laws create universes, galaxies, stars, planets, and even life, we need a basic feeling for what they are, what they mean, and how they work.

FOUR FORCES OF CREATION

The laws of physics are codified in terms of four fundamental forces of nature: the gravitational force, electromagnetic force, strong force, and weak force. Working both together and in opposition, these forces govern the operations of nature throughout the universe, throughout its history, and even before its history began. The familiar gravitational force sustains planets in their orbits and guides solar systems through their parental galaxies. The ubiquitous electromagnetic force binds electrons within their atoms and is responsible for much of chemistry and, ultimately, biology. The strong and weak forces—also called nuclear forces—rule their nuclear domain by creating, maintaining, and destroying the elements of the periodic table. As we shall see, all four of these fundamental forces are necessary for our universe to develop astronomical structure and life.

Gravity

The force of gravity is familiar to all of us—it keeps our heads out of the clouds by holding us fast to our planet’s surface. This same force guides the Moon in its orbit around Earth and locks the planets into their orbits around the Sun. Similarly, our solar system traces its orbit through the galaxy according to laws of gravity. In this chronicle of cosmic history, gravity acts as the chief architect of the cosmos. It is responsible for the construction of galaxies, stars, planets, and other astronomical structures that populate our universe.

As with all forces, the strength of gravity depends on three things: For the simple case of two compact bodies, the strength of the gravitational force depends on the mass of the bodies, the distance between them, and a universal constant—usually denoted as G—that specifies the intrinsic strength of gravity. Because the force of gravity grows in direct proportion to the masses involved, we say that mass is the source of the gravitational force. More mass means more gravity.

Gravity is by far the weakest of the four forces. Its strength is some thousand quadrillion quadrillion (1033) times smaller than the other three. But weakness is not synonymous with ineffectiveness. In spite of its fundamental weakness, gravity always dominates the other forces on the large-size scales of astronomy. This dominance arises for two reasons: First, the gravitational force has a long range of influence, whereas two of the other forces are limited to short ranges. Second, the source of gravity is mass, which comes in only positive quantities. By contrast, electric charge comes in both positive and negative varieties and tends to cancel out. Gravity is always attractive and builds up stronger forces as more mass is put together. And so gravity is the driving force behind cosmic genesis.

Electromagnetism

The electromagnetic force is relatively familiar to most of us, at least since James Maxwell and Thomas Edison. Electric currents run computers, televisions, and microwave ovens. The magnetic field of Earth keeps compasses pointing north and aids in navigation. Electromagnetic waves carry radio and television signals around the globe. The power that runs our biosphere, heat and light from the Sun, arrives in the form of electromagnetic radiation.

The electromagnetic force is similar to gravity in that its strength depends on the distance between two bodies and it has a universal constant that sets its intrinsic strength. But the electromagnetic force is much stronger than gravity—by an enormous factor of 1036. While mass is the source of gravity, electric charges provide the source of the electromagnetic force. Stationary charges are the source of electric fields, whereas moving charges—currents—are the source of magnetic fields. Electric and magnetic activity are thus intrinsically coupled. Because charges can come in both positive and negative varieties, the electromagnetic force can be either attractive or repulsive. By comparison, mass is always positive and gravity always leads to attraction. These complications allow for a wide variety of electromagnetic phenomena.

On the cosmic scale, the electromagnetic force plays many vital roles. The structures of small celestial bodies—those smaller than Jupiter—are shaped by the electromagnetic force, although they are often held together by gravity. Terrestrial planets, icy comets, rocky asteroids, and interstellar dust all owe their form to this ubiquitous force. The full spectrum of electromagnetic radiation propagates throughout the universe and connects it all together in a web of communication. Most immediately this radiation includes the visible light we receive from the Sun, the power source for our Earthly biosphere. Other forms of electromagnetic radiation include microwaves left over from the big bang, radio signals from distant galaxies, and gamma rays from astronomical explosions. Of even greater importance, the electromagnetic force actively drives chemical reactions, which involve the sharing and transfer of electrons. All biological operations ultimately depend on chemistry and hence on the electromagnetic force.

The Strong Force

Although the strong force is more removed from our everyday experience, it provides the fundamental underpinning for almost every structure in the universe. It does nothing less than bind all of matter together. More specifically, the strong force confines the fundamental matter particles—quarks—into protons and neutrons, then glues these larger particles into atomic nuclei. The strong force also allows for the transmutations of the elements, the processing of protons (hydrogen) left over from the big bang into the heavier elements that make up interesting cosmic structures today.

Not all particles can feel the strong force. Just as particles must carry an electric charge to experience electromagnetic effects, they must carry an analogous property—called color charge—in order to be influenced by the strong force. The quarks carry color charge, and they are the fundamental particles that are affected by the strong force. Since quarks make up protons and neutrons, which in turn make up atomic nuclei, these particles also feel the strong force. But other types of particles—such as electrons, neutrinos, and photons—are not made up of quarks, do not carry color charge, and are impervious to the strong force.

The strong force is aptly named—it is many times stronger than the electromagnetic force and 1038 times stronger than gravity. Because of this awesome strength, nuclear reactions, driven by the strong force, are a million times more energetic per particle than chemical reactions, which are driven by the electromagnetic force. Hence the need for international treaties on long-range ballistic missiles.

The Weak Force

The weak force is subtler and more esoteric than the others but is just as essential for shaping the universe. The weak force is responsible for certain types of radioactive decay, those in which neutrons inside atomic nuclei decay into protons and emit electrons in a small burst of beta radiation. These decay events transform one type of nucleus (one element of the periodic table) into another. Such transmutations take place in both the early universe and in stellar cores where nuclear energy is actively generated. They ultimately produce the diverse suite of elements that spice up our universe.

The weak force is also important because of its very weakness—it is one hundred thousand times less effective than the strong force. In our universe today, the majority of the cosmic matter inventory, generally called dark matter, does not feel either the strong force or the electromagnetic force. This ghostly material interacts only through gravity and the weak force. But these modes of communication enable dark matter to build large cosmic structures, including dark galactic halos and their resident galaxies.

Force Messengers

All four forces must be transmitted in some manner. If one particle exerts a force on another, something must tell that second particle that it is being acted upon. For each of the four forces, that “something” is a force-carrying particle, a virtual emissary of the force. Photons—particles of light or electromagnetic radiation—carry the electromagnetic force. Gravitons—particles of gravitational radiation—carry the gravitational force, although they are too weak to be observed directly. Gluons, so called because they glue quarks together to make protons and neutrons, are responsible for transmitting the strong force. Finally, intermediate vector bosons are responsible for carrying the weak force. These obscurely named particles, also called weak bosons, have large masses and can transmit the force over only a short distance.

FOUR FUNDAMENTAL FORCES
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 	Force 	Strength Relative to Gravity 	Force Carrier



	Strong
	1038
	Gluons g




	Electromagnetic
	1036
	Photons γ




	Weak
	1033
	Weak bosons Z, W±




	Gravity
	1
	Gravitons






ENERGY AS THE COSMIC CURRENCY

A continuing theme of cosmic genesis is the transformation of energy. As it conducts its everyday business, the universe gives birth to astronomical structures, guides their subsequent evolution, and witnesses their ultimate destruction. The myriad physical processes that make up this astronomical karmic cycle are driven by the expenditure of energy, which provides an effective currency for cosmic creation. These processes exhibit an extraordinarily wide range of energy scales, from the low energy of cosmic background photons to the almost-unfathomable mass-energy constituting the observable universe. In between, metabolic processes in living organisms carry on their operations through expenditures of energy.

To make the accounting of these processes more convenient and understandable, scientists use a particular unit of energy to describe the energy scales of the cosmos. Since protons are the basic building blocks of most familiar things, they provide the currency standard. The energy of any given astronomical event or process can be expressed in terms of the mass-energy of the proton. More specifically, energy is written in units of GeV, where one GeV is roughly the amount of energy liberated if the mass of a proton1 is completely converted into energy through the familiar relation E = mc2. As a point of reference, one GeV is the amount of energy required to lift a single small grain of sand one centimeter off the surface of Earth.

A simple logarithmic unit of energy can be used to span the vast range of energy scales required for astronomical creation. If we write the energy, expressed in GeV (proton masses), in the form
E= 10ωGeV,
then the exponent ω is called the energy index and provides an alternate measure of the energy involved. With this scheme, an increase in the index ω by one corresponds to a tenfold increase in the energy of the event. The energy index ω defines a type of cosmological Richter scale, similar to that used to rate earthquakes. In the cosmic context, however, a wider range of energies—a much wider range of ω values—is necessary to describe the enormous variety of astronomical processes that punctuate cosmic history.

As one example, a large hydrogen bomb has an energy rating of one megaton, where a megaton is the explosive energy of one million tons of TNT. One megaton, with an energy index of ω = 25.5, is enough energy to destroy a major city. At the peak of the cold war the world held approximately fifty thousand such weapons in its nuclear arsenals. The energy corresponding to a full-scale nuclear exchange would be ω = 30.5. By comparison, a comet with a five-kilometer radius, about the size required to kill the dinosaurs, would have a total kinetic energy equivalent to one hundred million (108) megatons of TNT as it falls through space and collides with Earth. The corresponding energy rating would be ω = 33.5, about a thousand times more destructive than a global nuclear war.

The energy generated by the Sun itself is deceptively large. During every single day the Sun generates an energy equivalent of eight thousand quadrillion (8 × 1018) kilotons of TNT and thus has a daily energy output of ω = 41.4. Although Earth intercepts only a small fraction of this total, our world’s daily ration of sunlight corresponds to three billion kilotons, or ω = 32. This enormous daily dosage of sunlight is thirty times more powerful than a full-scale nuclear exchange. As another benchmark, the comet that killed the dinosaurs had an energy equivalent of thirty days of sunlight or an energy index of ω = 33.5.

A landmark event in this genesis chronicle is the asteroidal collision that forged the Moon early in terrestrial history. A large rocky body, roughly the size of Mars, smashed into primordial Earth and launched an inverse avalanche of planetary debris into orbit. After the collision our Moon slowly congealed out of the circling shrapnel. This cosmic catastrophe had an energy index of about ω = 40, a convenient way to represent the hundred quadrillion kilotons of kinetic energy unleashed by the impact.

The formation (and destruction) of astronomical structures in our universe involves enormous expenditures of energy, sometimes in violent explosive outbursts and sometimes in painstakingly slow processes. For events of astrophysical genesis, this convention of a cosmic Richter scale allows us to understand and organize the energy scales that run our universe, from the extraordinarily large to the vanishingly small. The “Energy Scales” table lists astronomical and terrestrial events that span the range of energy scales experienced in our universe—and thus provides a broad general outline of this genesis story.

ENERGY SCALES OF ASTRONOMICAL AND TERRESTRIAL EVENTS
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 	Event 	Energy (GeV) 	Energy Index ω



	Microwave background photons
	2 × 10-13
	-12.7



	Photons of starlight
	10-9
	-9



	Annihilation of electrons and positrons
	10-3
	-3



	Gamma rays
	10-3
	-3



	Proton mass
	1
	0



	Dark matter annihilation
	10
	1



	Lifting a cup of coffee
	1010
	10



	Daily human calorie intake
	1017
	17



	Running a marathon
	1018
	18



	Planck mass
	1019
	19



	One kiloton of TNT
	2.5 × 1022
	22.5



	Little Boy atomic bomb
	3.8 × 1023
	23.5



	Daily dosage of cosmic background radiation
	8 × 1023
	23.9



	One megaton of TNT
	2.5×1025
	25.5



	Daily sunlight ration
	1029
	29



	End-of-the-Cretaceous comet
	3×1033
	33.5



	Energy to sterilize Earth
	1038
	38



	Formation of the Moon
	1040
	40



	Rocky planet formation
	1042
	42



	Earth migration
	3 × 1043
	43.5



	Giant planet formation
	1046
	46



	Star formation
	1051
	51



	Earth annihilation
	3 × 1051
	51.5



	Supernova
	6 × 1053
	53.8



	Hypernova
	6 × 1055
	55.8



	Solar annihilation
	1057
	57



	Galaxy formation
	1061
	61



	Black hole formation
	1058-1068
	58-68



	Helium synthesis in early universe
	1077
	77



	Energy content of observable universe
	1080
	80






As the cosmos constructs its platforms for life—galaxies, stars, and planets—the expended energy does not disappear from the universe. Instead, the energy is transformed into other guises, and the total amount of energy remains constant in time. The energy is conserved. When a star is born, for example, the formation event has an energy index of ω = 51, almost enough energy to annihilate Earth. This energy ultimately comes from gravity. Stars are bound together through the gravitational force, and bound objects attain a negative potential energy through their mutual gravitational attraction. As a star is built up from an interstellar cloud, its potential energy grows large and negative, and ω = 51 units of energy are released in the process. This energy is largely transformed into radiation, and the resulting photons travel freely through the cosmos.

ENTROPY

Entropy and the second law of thermodynamics, which demands that systems evolve toward states of increasing disorder, place important restrictions on cosmic behavior. Specifically, many processes that would be allowed on energetic grounds are strictly forbidden because of entropy considerations. Imagine stirring a pile of chocolate chips into cookie dough. With enough stirring, the chips become dispersed. But if you try to reverse the stirring action, the chips do not gather themselves together into a neat pile in the center. The process cannot be inverted, even though such action does not violate the law of energy conservation. Some additional principle must be involved: The amount of disorder in the system, as measured by entropy, must always increase.

When you drop ice into a drink, entropy considerations spring into action. At first the ice is cold and the drink is warm. After a while the ice melts and the drink cools because heat energy flows from hot to cold. Heat energy is required to melt the ice, and careful accounting shows that the energy absorbed by the ice, and by the water it produces upon melting, is exactly equal to the energy lost by the original (warm) drink. Energy is indeed conserved.

In principle, however, the ice could grow larger, by freezing some of the surrounding liquid, while the rest of the drink grew warmer to compensate. Energy would still be conserved, but this kind of action never takes place. Why not? Although both possibilities neither create nor destroy energy, they differ markedly in their entropy evolution. The first case—ice melting and the drink cooling—leads to a more disordered state and an increase in entropy. The second case—more ice freezing and the remaining liquid warming up—leads to a more ordered state and a decrease in entropy. The second law of thermodynamics holds that entropy must always increase. As a result, the universe does not support processes that lead to a net decrease in entropy, as in the second scenario.

But what is entropy? Entropy provides a measure of the amount of disorder in a physical system. As an immediate example, consider a drawer of socks. Suppose you have twenty pairs of socks, and every pair is different. A highly ordered state, one with low entropy, would be one in which all the pairs are matched up correctly. On the other hand, a more typical state of the system displays extreme disorder, with socks randomly distributed and high entropy. To see how entropy governs cosmic evolution, however, physicists require a quantitative description. Entropy is measured by the number of accessible states of a physical system. In this context, “accessible states” are configurations that “look the same.”

As socks demonstrate on a daily basis, the number of ways that you can have matched pairs is relatively small, and hence the entropy of the ordered state is low. Most rearrangements of the system would lead to unmatched pairs. On the other hand, the socks have many more ways to be disordered or even to be arranged randomly. A messy sock drawer has a large number of accessible states and a large entropy value. In this latter case, a wide variety of rearrangements of the sock drawer can be made without disturbing its slovenly quality.

The second law of thermodynamics holds that systems must evolve toward states with higher entropy. Continuing the domestic analogy, suppose we add ten new pairs of socks to the drawer. They are initially matched up and have low entropy, but they slowly get rearranged over time. After the inevitable mixing takes place, the new system with thirty unmatched pairs, all randomly distributed, has a higher entropy content than the starting configuration. Even without calculating the numerical value of the entropy, you can see immediately that the number of ways to distribute thirty pairs of socks is far greater than the number of ways to rearrange twenty pairs while keeping ten matched up. Socks obey the second law of thermodynamics.

One of the striking characteristics of our universe is its high entropy content. We can even find its numerical value: The entropy of our presently observable universe is about 1088. If we ignore a conventional numerical factor, this entropy is approximately the total number of particles in thermal equilibrium in the entire universe. This number includes both material particles and photons. The entropy is enormous, which means that our universe is highly disordered and contains many degrees of freedom. For comparison, the total number of protons in the universe is “only” about 1078, so the ratio of entropy to protons is itself a large number, about ten billion. Such a large value of entropy is necessary for the universe to live for a long time and allow life to develop.

THE COSMIC BATTLE BETWEEN SIMPLICITY, ORDER, AND CHAOS

The laws of physics engage in a series of complicated compromises that determine the formation and character of astronomical structures. Gravity organizes the universe by pulling material together, and it drives the formation of galaxies, stars, and planets. The second law of thermodynamics opposes this tendency toward organization and dictates that the overall amount of disorder, as measured by entropy, must increase. The interplay between these two opposing agents leads to the rich life cycles of astronomical entities and provides a continuing theme of astronomical creation.

Gravity, as chief architect of the cosmos, must overcome the second law of thermodynamics to make astronomical structures. To triumph over the second law, the forces of organization must exploit an important loophole. Although the entropy of an isolated physical system must always increase as a whole, one portion of the system can experience a decrease in entropy. One part of the system can thus grow more organized, enabling the cosmic engineering necessary to build new structures. But the system must pay for this act of organization. The rest of the system must experience an even larger increase in entropy so that the system as a whole obeys the second law. The trick is that constructive events cannot be isolated. Parts of the universe that grow more ordered are always coupled to parts of the universe that grow even more disordered.

This separation between low-entropy subsystems and high-entropy reservoirs takes place all the time. When ice is placed in a warm drink, the liquid cools down, and the entropy of the drink itself grows smaller. The liquid becomes more ordered. But the entropy of the melting ice increases even more, and the entire system suffers a net increase in entropy, as required by the second law. Disorder carries the day.

Moving back to the astronomical realm, let’s build an asteroid—a highly organized body—and see how the total entropy increases. Asteroids are built from tiny dust grains that orbit about newly formed stars. To construct a respectably large asteroid, with a mass equivalent to four trillion metric tons, we would need roughly one quadrillion quadrillion (1030) tiny specks of dust. The entropy of this starting configuration, a random assortment of rocky bits, is relatively high, with a numerical value of about one hundred quadrillion quadrillion (1032). After our stony monolith is completed, the entropy of the asteroid itself is far smaller. If the asteroid cools to the low temperatures of background space, its entropy will be so much smaller than the initial state that we can consider it to be zero. At first glance, we seem to have stumbled upon a glaring violation of the second law of thermodynamics: The starting high entropy value (1032) of the raw material has apparently been reduced to zero.

But asteroidal genesis does not take place in isolation. As the rocky orb is slowly assembled, the gravitational potential energy of the object grows large and negative.2 As the asteroid condenses out of the solar nebula, a great deal of energy is dissipated and lost. This energy is carried away by infrared photons—light with wavelengths too long for human eyes to see. Along with the energy, this radiation also carries away copious quantities of entropy. In this case, the entropy carried away by radiation is nearly one million times larger than that of the starting assemblage of dust grains. When proper accounting is done, by including the radiation, the entropy of the entire system does indeed increase. In this four-million-ton construction project, disorder again carries the day.

QUANTUM MECHANICS AND UNCERTAINTY

On the road toward life, a different type of compromise must be negotiated between determinism and uncertainty. Although they arise from perfectly predictable physical theories, both quantum mechanics and chaos require us to adopt a probabilistic description of nature. The resulting shift in our physical perspective alters the questions that we can ask and the answers we obtain.

Quantum mechanics is the conceptual framework that describes the nature of things on small-size scales. When quantum mechanics is applicable, in appropriately small regions, physical systems behave rather differently from the way they behave in our everyday experience. The small scales where quantum effects arise are usually in the atomic domain, or even smaller, and elementary particles (such as electrons) are often the objects of interest. In the realm of quantum mechanics, one fundamental concept is that particles don’t really behave like particles anymore. Instead, they behave like waves. This change of view can be hard to fathom because we are not used to thinking about wave motions, much less about particles being waves. Once the wave concept is fully embraced, however, many of the apparent mysteries of quantum mechanics can be readily understood.

A vital difference between a wave and a particle is that a particle exists at a particular point in space at any given time. A wave, by contrast, has a spatial extent. As a rough analogy, imagine surfing along an ocean wave as it climbs up the coastal shelf. Where is the wave? As you slide down its steep ten-foot face before plummeting into the frothy turbulence below, you see that the wave cannot be described by a single point; instead, it exists more in some places and less in others. In a vaguely similar way, quantum mechanics says that an electron in orbit about its atomic nucleus exists more in some place and less in others. As such, we cannot think of the electron as existing at a particular point. Instead, it has a probability of existing in a range of places.3 This change of viewpoint marks the difference between the quantum realm and the larger world of our everyday existence.

The wavy nature of reality on small size scales leads to the uncertainty principle, a concept that may be attributed to Werner Heisenberg. The position of a particle and its momentum cannot be measured at the same time to arbitrarily high precision. A quantum compromise must be mediated. If a particle is localized too narrowly, it develops a large uncertainty in its momentum and hence in its motion. On the other hand, if the momentum is well determined, then the particle must have an uncertain location. If we could measure the momentum exactly, then we could not know where in the entire universe the particle actually is. It could literally be anywhere. Quantum systems routinely display this type of counterintuitive behavior. The magnitude of quantum effects is set by a fundamental constant of nature, usually denoted as h or ħ = h/2π. An important consequence of the uncertainty principle is that quantum systems are never still—they always exhibit tiny motions. But these fluctuations can have enormous ramifications.

With its inherent waviness, like the uncertainties in particle locations, the realm of quantum mechanics features a wide range of behavior that does not occur in normal life. Particles can penetrate hard walls—they actually go through forbidden barriers. Atoms are constrained to have particular energy levels, as determined by their electrons, which are confined to particular orbits. The results of experiments don’t always come out the same, even when they are performed in exactly the same way.

Quantum events are generally not predictable in the classical sense. Any given experiment or event generally exhibits a range of outcomes. We must describe the outcomes in terms of a probability distribution, much like the outcome of rolling dice, which we cannot know in advance. But we know that the outcome of rolling a fair die is one in six for each outcome. For quantum systems, the probability distribution for a suite of events or outcomes can often be calculated to exquisite precision.

One way to visualize the beauty of quantum fluctuations is to watch the flame of a candle. As it flickers, the flame engulfs a region in space that is not easily defined. Although it varies in its structure, the flame does not behave randomly. The flame exists “more” in some places, “less” in other places, and not at all very far from the candle. The seemingly simple question “Where is the candle flame?” thus becomes complicated—the answer is not a single location but rather a description of all the space the flame could occupy, as well as how often the flame actually is there. In much the same way, microscopic particles exist “more” in some places and “less” in others. A complete description of the location of a quantum particle becomes more complicated than finding the location of a classical particle, which exists only at one particular point. The required description for a quantum particle is probabilistic. Instead of finding the one place where the particle exists, we must find the probability that the particle exists at any given location. In spite of this complication, the probability distribution is well defined and can be calculated using quantum theory, which has been extensively tested over the past century. In fact, for many simple quantum systems—like an electron orbiting a hydrogen nucleus—the mathematics involved in calculating this probability distribution is far simpler than that required to describe the fluctuations of a candle flame.

Continuing this flame analogy, we can see how quantum fluctuations are present on the smallest scale and yet allow us to retain the classical world of our everyday lives. Imagine a whole field full of flames, all fluctuating back and forth according to known but perhaps complicated laws. If you step back and view this entire field of flames from a distance, you will see a fiery red plain, but the chaotic fluctuations will blur together. Viewed from a sufficiently distant vantage point, the fluctuations effectively disappear.

Now let this fiery plain envelop the surface of a planet. As you recede away from the surface, the curvature of the planet manifests itself, while the fluctuating fine-scale structure fades from view. Eventually the curvature of the surface becomes pronounced, and your conceptual framework must change (again) to offer a complete description. Just as the small-scale fluctuations represent quantum mechanical effects, the curvature of the planet’s surface represents the curvature of space-time, as described by Einstein’s theory of general relativity. Although this analogy is not exact, it illustrates how quantum fluctuations (on the small scale) and curved space-time (on the large scale) can be part of our description of the physical universe, although neither is evident in everyday life.

Quantum mechanics reveals itself on only the smallest sizes, but it has profound consequences for the genesis of cosmic structures of all sizes. Quantum mechanics led to the genesis of the universe itself. It drove the universe to expand rapidly in its first moments of existence and thereby endowed the cosmos with its observed properties. At the same time, quantum mechanical fluctuations planted the seeds for galaxy formation. Quantum mechanics also enforced the actual production of matter, which, during the first microsecond, gained an upper hand against the opposing population of antimatter. A minute later quantum mechanics forged the light nuclei of our universe. Most of the energy produced today is generated in hot stellar cores where nuclear reactions proceed through quantum principles. All elements of the periodic table, including carbon, the basis for life, were forged in stars via quantum processes. Even rocky planets, like our Earth, owe much to quantum mechanics. The basic structure of rocks, and indeed all solids, is determined by quantum mechanical behavior. Deep within the planet, an important internal energy source is radioactivity, which is fundamentally a process of quantum mechanical tunneling. Life itself is based on chemical bonding, the sharing of electrons in large molecules, another inherently quantum mechanical process. In the story of cosmic genesis, quantum mechanics plays a surprisingly important role in shaping the evolution of our universe.

CHAOS, UNCERTAINTY, AND COMPLEXITY

Chaos theory, the principles underpinning certain nonlinear equations, also requires us to adopt a probabilistic description of many natural phenomena. The sizes and orbital positions of the planets in our solar system, for example, depend sensitively on the starting conditions for solar system formation. If we ran the creation experiment again with slightly different parameters, we would get a different collection of planets with different orbital characteristics. But the results are not purely random. If we produced thousands of solar systems, again with similar but not exactly the same starting conditions, we would obtain a well-defined distribution of planet properties and planetary orbits. Although we cannot make exact predictions for any particular experiment, in principle we can determine the odds of getting any one type of planet or solar system. This intricate interplay between chance and determinism occurs throughout our physical universe and can even be applied to the consideration of how, and in what form, life can evolve.

So what is chaos? A dynamical system, like a cluster of stars or a leaf falling from a tree, exhibits chaotic behavior if it shows extreme sensitivity to initial conditions. As a leaf flutters to the ground, for example, it executes a complicated flight pattern. Two nearby leaves, dropping from the tree at the same time, generally do not land near each other. The small difference in their starting condition leads to large differences in their final resting places. This extreme sensitivity to initial conditions is one of the fundamental properties of chaos.

Sensitivity to initial conditions changes the way that we view nature. Because small differences in the initial state can lead to markedly different behavior later on, we must adopt a probabilistic description of a chaotic system. This necessity is best explained by doing the following experiment: Place a coin on the floor in front of you. Now take a deck of playing cards and drop them, edge down, one at a time, over the target coin. Each card should be dropped from the same height with the same starting conditions. Although they have the same initial conditions,4 the cards do not end up in the same place on the floor. Instead, they form a pattern that appears random at first glance. This random element is the first lesson of chaos: Perfectly deterministic laws of physics (here, gravity pulling cards downward through five feet of air) can lead to effectively random behavior.

After dropping the fifty-two cards, you should notice something else: The cards arrange themselves into a pattern on the floor. They do not randomly fill the entire room, but rather they tend to fall near (but rarely on) the target. If you repeat the experiment, you should always find the same type of pattern. The individual cards will not end up in the same places, and the specifics of the pattern will change from experiment to experiment. But the qualitative nature of the pattern should always be the same. The results of this simple experiment thus obey a probability distribution—the cards have a well-defined probability of landing a set distance away from the target. This property is the second lesson of chaos: Experiments or events with seemingly random behavior can be described by a perfectly well-defined distribution of possible results.

As an astronomical illustration of chaos, consider two nearly identical solar systems with eight major planets, much like our own. At a set starting time, suppose the systems differ by a small amount: One of the planets in one of the solar systems is displaced one meter forward in its orbit. Such a minor difference is barely measurable. Earth resides about 150 billion meters from the Sun, and the length of its orbital path is just under one trillion meters. The relative size of our proposed change is tiny—only one part in a trillion.

Chaotic systems have characteristic time scales on which small changes grow larger, usually in exponential fashion. For this example, suppose the difference between our two solar systems doubles in size every year. (To attain such a small doubling time, the planets must be more massive or closer together than those in our solar system.) In the beginning the positions of the planets are the same in both systems to within one meter. A year later the positions are the same to within two meters. After ten years the planetary positions are offset by one thousand meters5—a kilometer—a noticeable distance, but still no big deal for a solar system. After twenty-three years the difference grows to about eight thousand kilometers, roughly the size of Earth itself. After fifty years and fifty doubling times, the difference grows to one quadrillion meters, which represents one thousand Earth orbits or thirty Neptune orbits. With such a large difference, the planets of the two solar systems appear to be in completely different locations. Even though each solar system evolves in a precisely specified manner, determined by physical law, the planets end up in seemingly random locations. This apparent random behavior, driven entirely by deterministic or nonrandom laws, is the hallmark of chaos.

The concept of complexity is more difficult to pin down. A physical system that we consider to be “complex” represents a delicate compromise between mindless simplicity and pure randomness. This idea can best be illustrated graphically, as in the collections of points shown in the “complexity compromise” triptych on page 24. In the top panel the points are arranged on a regularly spaced grid. This simple configuration stores only a little information—a single number defining the grid spacing effectively describes the whole arrangement. Suppose we needed to add additional points to the pattern. Where would they go?

The opposite extreme is shown in the bottom panel, which depicts a purely random collection of points. Although this pattern is also aggressively unremarkable, the arrangement of points requires a wealth of information to describe. Because the location of each point is random, independent of the other points, the x and y coordinates for each and every point must be specified to define the pattern. Such a random pattern carries the maximum amount of information. If we add another point to the pattern, we have no idea where it would fall. On the other hand, we don’t really care where it would fall. The quality of the information is highly unsatisfying.

The central panel illustrates a more engaging pattern, one that is simultaneously more structured than random points and that encodes more information than a simple grid. If we add another point to this pattern, we have some idea where it might fall (the pattern is not random) and yet it is not completely specified in advance (as in the simple grid). Complex patterns, those that we might naïvely consider to be interesting, are those that negotiate the proper compromise between simplicity and randomness.

This concept becomes especially urgent in the context of life: Living biological systems cannot be too simple, like rocky crystals for example, as they would contain too little information to carry out the complex duties of living organisms. The development of life is, in one important sense, the development of information. On the other hand, biological systems must be relatively well ordered. Purely random systems, which carry maximal information, could not replicate themselves accurately or carry out other organized duties necessary for life.

It is not a trivial matter that the laws of physics, as realized within our universe, have the proper form to allow for chaos and complexity. One could imagine an alternate universe in which the equations that describe physical laws would have no chaotic solutions.6 On the other hand, chaos is a generic property of mathematical equations. An alternate universe could easily have laws of physics for which (essentially) all motion depends sensitively on initial conditions and is chaotic. Relatively small differences in the laws of physics could lead either to tedious simplicity or to unrelieved randomness. Neither alternative would be ideal for the production of astronomical structures or for the development of life.
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THE PARTICLE INVENTORY

The atomic hypothesis—the idea that matter is made up of small constituent particles called atoms—is arguably the most important concept in fundamental physics. We now take for granted that matter is composed of atoms and that these atoms have their own substructure. Most of the mass of an atom resides in its nucleus, which is composed of protons and neutrons. This positively charged nugget is embedded within a probabilistic cloud of electrons, which neutralize the electric charge but add only a paltry 0.05 percent to the mass budget. We can understand most of atomic physics, and most of the physical machinations taking place on larger size scales, by considering only the familiar protons, neutrons, and electrons. But there is more to the story than those three particles.

Given that matter is composed of atoms, and that atoms themselves are composed of smaller particles, it is natural to search for additional steps in this descending hierarchy of scale. What makes up protons, neutrons, and electrons? Although science now has a compelling answer to this inquiry, the quest was not without its surprises.

The 1950s and 1960s witnessed revolutionary ideas on many scientific fronts. In the arena of elementary particles, experiments using high-energy accelerators led to the discovery of an astonishing array of new particles. These experiments smashed together known particles, such as protons or electrons, at highly relativistic speeds. The goal was to break down the particles into their constituent parts in order to see what they were made of. As a rough analogy, consider throwing a mechanical alarm clock against the bedroom wall, something most of us consider doing some mornings. When you throw the clock hard enough, it breaks apart upon impact—its springs, dials, and gears scatter all over the room. In principle, you can see what makes a clock tick by performing destructive experiments of this nature. Similarly violent collisions are staged in accelerator experiments. A host of “smaller” particles are produced in the collisions and then detected electronically.

The accelerator experiments not only revealed new particles, they did so at an alarming rate. Instead of finding a few fundamental particles, the experiments painted a much more complicated picture. The new particles, collectively known as hadrons, were far too numerous to be the long-sought-after basic constituents of matter. Their numbers mounted. This resulting zoo of hadrons posed a formidable intellectual puzzle: How did this morass of particles fit together, and what was their relationship to the fundamental building blocks of nature? In the mid-1960s physicists proposed an elegant solution: All of these hadronic particles are made of smaller pointlike particles called quarks. Although quarks are the ultimate elementary particles, they do not like to exist as separate entities but prefer to combine into complicated conglomerates—the hadrons. The most familiar hadrons are protons and neutrons, and they make up most of the mass of ordinary matter. Hadrons that are composed of three quarks are known as baryons. Because the bulk of ordinary matter is made of protons and neutrons, ordinary matter is often called baryonic matter.

The quark hypothesis was soon given experimental support. In 1968 scientists working at the Stanford Linear Accelerator Center in California performed the crucial experiments required to study the internal structure of protons. Their experimental results could be readily understood in terms of the quark model. The idea that quarks are the fundamental constituents of matter has since gained almost universal acceptance, as generation after generation of experiments are found to be in agreement. The latest confirmation came in the 1990s, when the last quark predicted by the theory—the top quark—was finally detected. Because of its large mass, about 180 times greater than that of the proton, it remained hidden from our view until particle accelerators become powerful enough to synthesize top quarks in sufficient numbers for detection.

Decades of high-energy experiments have revealed that the matter inventory of the cosmos consists of quarks, charged leptons, and neutral leptons, called neutrinos. Quarks are the fundamental particles that make up protons, neutrons, and other less familiar particles; only quarks feel the strong force. Charged leptons are lighter particles, such as electrons, that play a complementary role; they feel the electromagnetic, gravitational, and weak forces but not the strong force. Neutrinos round out the particle census; with no charge and little or no mass; they interact primarily through the weak force.

These elementary particles can be organized into three families. (Each family contains all three types; see the “Three Families of Particles” table.) The first family contains the up quark and the down quark, the two particles that make up protons and neutrons; the electron; and the electron neutrino. Most of the ordinary matter in our universe lives in the form of protons and neutrons, which are composed of quarks from the first family. The electrons that bind to nuclei and make atoms also belong to this first family. The second family of particles contains, among others, the muon, a major component of the cosmic ray flux impinging upon Earth. These energetic particles rain down upon our planet from outer space and may provide an important source of biological mutations. The rest of the latter two families of particles are not immediately necessary for explaining the matter of our everyday existence. But one of the reverberating themes of cosmic creation is that the universe is not as simple as it could have been—the laws of physics are more complicated than the simplest version that we can envision.

The particles listed in the “Three Families of Particles” table are still not the entire particle inventory. We must also include the particles that carry or mediate the four fundamental forces. Photons are particles of light that carry the electromagnetic force. In a similar way, gluons carry the strong forces, gravitons carry the gravitational force, and the weak bosons carry the weak nuclear force. These force-carrying particles, in conjunction with the matter particles listed above, make up the Standard Model of particle physics. Except for one more thing.7

Each of the particles in the table has a partner, an antimatter particle that plays the role of its evil twin. For example, the electron has an antimatter partner called the positron (also known as the antielectron). The position has the same mass and spin as the electron, but it carries the opposite charge. When electrons and positrons meet, they annihilate into radiation. As both particles cease to exist, their mass-energy is converted into photons through the famous conversion formula E=mc2. Every particle has an antiparticle that plays this role. Each charged lepton has an associated antimatter counterpart. Each quark has an associated antiquark. Each neutrino has an associated antineutrino. For some particles with no charge, such as the photon, the particle is its own antiparticle and no such distinction between them exists.


THREE FAMILIES OF PARTICLES
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At the energy levels probed in present-day particle accelerators, the laws of nature are symmetric with respect to matter and antimatter. Such experiments create (and destroy) both matter and antimatter in equal proportions, so that matter is never produced without its evil twin. On the other hand, one of the most profound characteristics of our universe is that it is almost, but not entirely, symmetric with respect to matter and antimatter. The universe displays an excess of matter over antimatter. This excess matter, left over from the first microsecond of cosmic history, makes up the Earth, Moon, Sun, and stars that are so vital to our existence.

Astronomical measurements indicate that other particles are hiding in the dark recesses of the cosmos as well. This material, known as dark matter, is not included in the “Three Families” table. Studying how the universe evolved from its earliest epochs to the present day reveals strong indications that most of the matter in the universe is in the form of this dark matter and is not made of protons or neutrons. This exotic material—also known as nonbaryonic dark matter or weakly interacting massive particles—interacts only through the weak force and gravity. Thus far the existence of this exotic matter has been established by indirect evidence only. An important challenge facing cosmology today is to directly detect this elusive material and discover its properties.
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